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1 Abstract

The prevention and treatment of age-related memory impairment requires the early
detection of underlying pathological changes and the availability of effective risk modifying
intervention. This, in turn, demands research into biomarkers and risk factors of cognitive
performance over the life course. Prospective cohort studies are well suited for examining
biomarkers and risk factors. However, life-course approaches to cognitive performance
require cognition tests that are applicable to a wide age range of participants, provide
reliable and valid results after multiple administration, require limited examination time,
and yield rich data to allow exploring a broad range of potential research hypotheses.
When setting up the cognitive assessment battery for the Rhineland Study, a brain
focused prospective cohort study which aims to investigate causes and biomarkers of
healthy aging and neurodegeneration, the need for memory tasks that meet these
requirements became apparent. Therefore, | aimed to develop sensitive memory
measurements for use in prospective cohort studies. | successfully created nine equally
difficult versions of Rey's Auditory Verbal Learning Test (AVLT), a sensitive, well-known
and widely used measure of episodic verbal memory which is subject to learning effects
in case of multiple testing. Furthermore, | developed a functional magnetic resonance
imaging (fMRI) task that shows visual and auditory specific sensory brain activity as well
as sensory-specific and -unspecific memory-encoding-associated brain activity within only
ten minutes of fMRI acquisition time. Finally, we compiled the Rhineland Study cognitive
assessment battery, which consists of the AVLT as our main memory examination
together with other tests that examine other cognitive domains.

To illustrate the use of such a cognitive assessment battery, in the second part of my
thesis we examined the association between retinal layers as potential biomarkers and
chronic stress as a potential risk factor of neurodegenerative processes. We found small
but significant associations between the macular ganglion cell layer (mGCL) volume and
global cognitive function, processing speed and episodic verbal memory independent of
age and other influencing factors. Perceived stress also showed associations with all
cognitive domains, especially working memory and executive functions. We conclude that
mGCL volume may be a potential biomarker and perceived stress a potential risk factor

for memory decline, but longitudinal studies are needed.



2 General introduction

To find prevention and treatment methods for age-related memory changes, the
identification of biomarkers and risk factors is necessary. However, in order to explore
potential biomarkers and risk factors, methods for early detection of differences and
changes in memory functions are required. Population-based prospective studies, like the
Rhineland Study, are an important method for identifying such potential biomarkers and
risk factors, as they can follow a large sample of participants over time. However, such
studies have special requirements due to their design for memory and cognition tasks.
Since there is usually only a limited amount of study time per participant, tests must
provide as much information as possible in the shortest possible time, and they must be
applicable to a wide age range. They should also provide reliable and valid results after
repeated administration to capture change in performance over time. Versatility in results
is important, as prospective studies usually address a broad range of questions that may
change over time. When compiling the cognitive assessment battery for the Rhineland
Study, a prospective population-based study with a focus on brain aging, we noticed that
no memory task met all these criteria, so | decided to create and adapt two tasks

measuring memory performance with different methods.

A common, inexpensive and relatively easy to use method to assess memory function is
a neuropsychological examination. Rey’s Auditory Verbal Learning Test (AVLT),"? for
example, is one of the most popular tests of episodic verbal memory. It measures different
levels of memory and learning using lists of semantically unrelated words that participants
must learn and remember. Over five repetitions of learning and free recall, participants
learn a list of semantically unrelated nouns. Then, another list is read to the participant
who freely recalls it once, followed by a single recall of the previous list. Finally, after 20-
30 minutes, a delayed free recall is performed. General free recall episodic memory
performance, and specifically AVLT performance, has been shown to be a useful tool for
differential diagnosis in the preclinical phase of Alzheimer’s disease (AD) and an early
indicator for the risk of developing dementia.>-8 Further, the test provides a wide range of
information about learning and memory performance and is relatively time efficient.
However, in case of repeated measurements it is affected by a memory bias and therefore
requires parallel forms for reexaminations.®'® Up to now, there was mainly one test

version available in Germany which provided two parallel versions. However, these



versions have only been rudimentarily tested for parallelism." To allow for multiple
repeated measures of an individual’s episodic verbal memory, as we plan to do in the
Rhineland Study, | developed ten German word list versions and tested them for equal
difficulty (Chapter 3.1).

An alternative to traditional methods is the combination of imaging techniques (e.g.
functional magnetic resonance imaging (fMRI)) with specifically developed
neuropsychological tests. Imaging techniques offer the possibility of investigating brain
structures as the biological basis of neuropsychological functions.' Most task fMRI
protocols however take too long to be easily implemented at a large scale and they usually
very specified to one specific cognitive function (e.g. face-name associative memory). We
considered that a fMRI task that would measure memory encoding using at least two
sensory systems and would take at maximum ten minutes fMRI acquisition time, could
possibly be included in the Rhineland Study core protocol. Two sensory systems were to
be included in order to be able to investigate sensory independent memory encoding
activity. In addition, this would also allow to obtain partial results for participants who have
a mild impairment in one of the sensory systems (e.g. hearing or visual impairment). Since
we did not find a task that time efficiently measured memory encoding related brain activity
across and within sensory conditions, | developed an fMRI task that included two types of
auditory (vocal and environmental) and two types of visual (face and scene) stimuli
(Chapter 3.2). This enabled us to measure sensory-specific brain activity, as well as
sensory-specific and -nonspecific memory-encoding brain activity. In order to show as
many stimuli as possible in as little time as possible without reducing time for each ftrial
too much, we used the mixed block event-related design. This allowed us to calculate
additional rather experimental contrasts, such as differences between sustained and
transient brain activity. In summary, the encoding part of the task, which required fMRI
study time, took only ten minutes. The additional recognition part of the task, which is
necessary to be able to create memory contrasts required an additional 10 to 19 minutes.
However, the recognition task can be performed either inside or outside fMRI. In our study
we ran the recognition task during structural and diffusion scans which entertained
participants and even improved scan quality with regard to head motion in comparison to
resting state condition.'®
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By compiling the cognitive battery for the Rhineland Study, which is described in detail in
Chapter 3.3, we had the criteria for prospective cohort studies in mind, but we also aimed
to include tests measuring a variety of cognitive domains to measure a participant’s
neuropsychological functions as complete as possible. Each domain was aimed to be
represented by at least two different tests. Similar to our rational for the fMRI task, we
selected tests with different sensory stimulus material and behavioural responses to limit
the effects of possible sensory and motor impairments on test performance. We also
preferred tests which outcomes represent only one domain, are well-studied to increase
comparability to other studies, and ease interpretation of test results. Further, to reduce
feelings of frustration and failure in participants we preferred tests that have no predefined
response scale so participants could not identify the maximum level of performance.
Unfortunately, the fMRI task was not included in the final protocol of the Rhineland Study
as the more global measure of resting state fMRI was preferred over the rather specific
memory task fMRI and both could not be included in the protocol due to time reasons.

The cognitive test battery in the Rhineland Study is used both to identify potential early
markers of neurodegeneration and to identify causes of cognitive decline. To illustrate the
use of our memory and cognitive measures in identifying potential biomarkers and
investigating risk factors we performed two studies. The first examined thickness of two
retinal layers in relation to cognitive performance (Chapter 4.1). In the second, we
examined physiological and subjective/psychological chronic stress as a potential risk
factor for worse cognitive function (Chapter 4.2).

Retinal layers such as the retinal nerve fiber layer (RNFL) and the ganglion cell layer
(GCL) are examined as potential biomarkers for neurodegeneration as the retinal tissue
has physiological similarities to brain tissue because it is embryologically derived from the
cranial part of the neural tube.™ Retinal measurements are non-invasive and relatively
easy to assess using state-of-the-art imaging techniques such as spectral domain optical
coherence tomography (SD-OCT). Previous studies reported that thinner RNFL and GCL
are associated with an increased risk of cognitive decline and dementia.'*'® However,
the association of these markers with memory and cognitive function has not been studied
in depth in the general population and across the adult life-span. Using our cognitive
domain scores, we therefore quantified the association between SD-OCT derived retinal
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measurements, peripapillary RNFL (pRNFL) thickness and macular GCL (mGCL) volume,
with memory and cognitive functions and identified factors influencing these relationships.

A prominent modifiable potential risk factor of neurodegeneration is chronic stress. Long
term stress has been shown to have detrimental effects on cognitive function and may
also promote the onset and progression of memory and cognitive decline and dementia.'’~
9 However, measuring stress is not easy as it is a very complex construct that includes
individual and environmental factors that also interact with each other.?° Previous larger
population-based studies examining the association between various stress measures
and cognitive functions reported heterogeneous results.®92'-23 Those studies included
only one dimension of stress (physiological or subjective). Therefore, we used in 2,000
participants our memory and cognitive examination scores to investigate the association
between both subjective/psychological and physiological measures of chronic stress with

one another and with memory and cognitive functions.

THESIS AIM AND OUTLINE

The Rhineland Study is a prospective cohort study designed to investigate causes of
healthy and unhealthy aging. A particular focus is on brain aging, which requires studying
how memory and cognitive performance changes across adulthood.

A main aim of my thesis was therefore to develop memory tasks which can be utilized in
the context of prospective cohort studies such as the Rhineland Study, to measure
cognitive performance. The designed memory tasks had to address several challenges
that are posed by a prospective cohort study, including being applicable to a wide age
range of participants, providing reliable and valid results after multiple administration,
requiring limited examination time, and yielding rich data to allow addressing a broad

range of potential research hypotheses.

For the Rhineland Study cognitive assessment battery, | developed two sensitive memory
measurements (Chapter 3). The first study presents ten list versions of the AVLT including
detailed age and sex effect estimates for a large number of outcomes (Chapter 3.1). The
second study presents a fMRI paradigm measuring sensory-specific and sensory-

unspecific memory encoding and visual and auditory sensory encoding within just ten
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minutes of fMRI acquisition time (Chapter 3.2). Following these two studies | describe the
cognitive assessment battery that we developed and implemented in the Rhineland Study
(Chapter 3.3).

In the second part of this thesis (Chapter 4) | present two studies that illustrate the use of
our memory and cognitive measures in a large non-demented cross-sectional population-
based sample of adults (30-95 years), to first identify potential biomarkers of
neurodegeneration, and second investigate risk factors for cognitive decline. In the first
project we quantify the association between the thickness of two retinal layers as potential
biomarkers, the RNFL and the GCL, and memory and other cognitive functions (Chapter
4.1). The second project presents the association between chronic stress, a modifiable
potential risk factor, and memory and other cognitive functions (Chapter 4.2).

In the final chapter, | briefly summarise and discuss my main findings, and provide an
outlook for further research (Chapter 5).
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ABSTRACT

Introduction: Detecting early pathological cognitive decline is critical for dementia and
aging-related research and clinical diagnostics. Rey’s Auditory Verbal Learning Test
(AVLT) is commonly used to measure episodic verbal memory. The test requires
participants to learn a list of 15 words over several trials. Since multiple testing is often
required to detect cognitive decline, but repeating the same test can bias results, we
developed 10 German AVLT word lists.

Method: We randomly assigned the lists to 4,000 participants (aged 30-94 years) from a
population-based cohort to test their comparability, as well as aging effects and sex

differences.

Results: Nine lists were highly comparable, with only one being slightly more difficult.
Recall performance decreased on average by 0.6-1.1 words per trial per decade of age.
Perseveration errors decreased with increasing age. Women remembered on average
between 0.8-1.5 words per trial more than men, regardless of age. Women also
outperformed men in the sum of trials 1 to 5, learning over trials, retroactive inhibition, and
false positive and interference errors. Proactive inhibition remained stable across age and

was unaffected by sex.

Conclusion: This German AVLT version presents comparable lists including detailed age
and sex references and therefore allows test repetition excluding training effects. These

versions are a valuable resource for research and clinical application.
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INTRODUCTION

Neurodegenerative diseases and cognitive aging are among the main challenges in
society, as they result in a decline in a multitude of cognitive functions, such as episodic
memory. Neuropsychological assessments are the main method to assess and monitor
cognitive aging, and tests such as the Rey Auditory-Verbal Learning Test (AVLT)"? can
detect pathological changes before disease onset.34

The AVLT is one of the most commonly used research and clinical instruments to examine
declarative episodic verbal memory and learning. It is a serial learning task in which 15
semantically unrelated nouns are learned and recalled over multiple trials including an
interference trial, a time delay trial and sometimes a recognition trial. The basic test idea
and implementation goes back to Claparéde who described a one-trial 15 word list recall
at the beginning of the 20™ century.® Rey later introduced a modification of Claparéde’s
task including five trials and a recognition trial." The first German version of the AVLT
called Verbaler Lern- und Merkfahigkeitstest (VLMT) was published in 1990,° based on
the original AVLT described by Rey and Taylor."? Helmstaedter and Durwen retained the
general testing procedure and translated the word lists from the French and English
versions, including some linguistic modifications. In 2001, the latest and commonly used
version of the German test version was published.” Additional norm studies for this test
version have since been published with sample sizes of n =407 and n =92 on elderly

participants and including sex-adjustments.8°

Due to its sensitivity for detecting early cognitive decline, its cost efficiency and the
simplicity of the design, the AVLT has been widely used in children, adolescents and
elderly participants in many languages.®9°-'7 It has also been applied in numerous clinical
samples, including temporal lobe epilepsy, depression, borderline personality disorder,
schizophrenia, suspected dementia, and dementia.”8'820 |n participants with either
subjective memory complaints or mild cognitive impairment, the AVLT predicted
significantly, and more than other neuropsychological tests, whether participants
progressed to Alzheimer’s disease within the next two to three years.3?'

AVLT recall performance declines with age, especially for delayed recall.'®'"22 However,
the reported rate of age-related decline on the AVLT differs between test versions,
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countries and languages. Therefore, it is important to examine aging effects in large

samples covering a wide age range, especially for new test versions.?

Sex differences in the AVLT performance have also been observed, with women on
average outperforming men.%''2425 However, some studies did not find sex
differences.”?® One reason for these inconsistencies might be that samples differed in
social status indicators. For example, Asperholm, Nagar, Dekhtyar, and Herlitz found that
verbal episodic memory performance benefits from higher education and employment
status in women more than in men.?” Thus, educational level has to be considered when

examining sex differences.

An important issue in research and clinical practice concerns the availability of parallel
test versions. These are required to enable re-examinations of the same participant or
patient cohort?®-3° and to lower the risk that participants exchange information about study
materials. Two additional parallel German lists were published within the test version by
Helmstaedter.” However, to our knowledge, the comparability of those list versions was
investigated only in a small clinical sample and those parallel versions are not often
reported to be used.” Therefore, there is a clear need for further development and
thorough testing of additional versions with equal difficulty for the German AVLT.

This study presents a German version of the AVLT that contains 10 newly developed test
versions that were tested for equal difficulty in a large population-based sample with a
wide age range (30 to 94 years). The ten versions each have their own learning list, but
the interference list has been kept the same for all versions so as not to introduce
additional differences between versions due to the difficulty of this list. We examined the
effects of age and sex in depth, and also considered the influence of education. Normative
data are provided in the supplementary material for a large number of outcomes, both
across all list versions and separately for each list version. Comparability of our scores
with other reference studies”®'" is discussed.
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MATERIALS AND METHODS
Instrument development and testing procedure

We developed 10 parallel word lists of 15 words each in three steps, i.e. word collection,
category attribution including word frequency assignment, and list definition. Word
collection was done on the basis of previous publications that reported different versions
of word learning tests similar or equivalent to the AVLT. We used already published words
to achieve similar difficulty and to include words that have been shown to be memorable.
We identified 11 sources which reported detailed information on their testing procedure
and word stimuli.6.7:26.28.29.31-35 Eqor one article we contacted the authors for the word
lists.®! We translated the words into German, as the source material was mostly English,
one source Spanish, one Dutch with English translation, and one Persian with English

translation.

In the second step, two scientists categorized words into semantic groups (animals, body
parts, buildings, clothing, food, furniture, musical instruments, objects, outdoor, plants,
profession, relatives, sports, and vehicles), plus a miscellaneous category. The latter
category contained words that could not be translated into meaningful German words, had
double meaning in German or that did not fit into one of the other categories. Similar to
Crawford et al.,® we assigned each word a frequency using the German film and
television subtitle-based word frequency (SUBTLEX-DE).*® For categories that contained
fewer than 10 words, we chose additional ones with a similar frequency as the other words
in that category to have one word per list from that category. Word frequency was
considered to provide information on the familiarity of each word for participants, to ensure
that all words were well-known and not so rare that participants could memorise them

exceptionally well.

In the third step, one word from each category was included in each list, with exception of
the large and heterogeneous category “outdoor” from which we selected two words. If
categories contained more words than needed for our ten list versions, we selected words
that were already used in other German lists to maximize comparability in learning
difficulty with established versions. Next, we selected additional words based on high
SUBTLEX-DE frequency. We also chose not to use words with a lot of syllables in the

lists. Moreover, we asked native German speakers across different age groups to check
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all lists for word combinations that could simplify memorization processes, for example
combination of words that are linked to well-known phrases, songs or nursery rhymes.
When such combinations were found, words were exchanged across lists within the same

category. In a last step we randomized the order of words within each list.

The interference list was adopted from previous reports.?®°® We used the same
interference list for all 10 list versions, similar to Helmstaedter et al..” As mentioned in the
introduction we did not expect a single recall to be remembered longer. We also aimed to
keep the difficulty of this list as similar as possible to produce a uniformly strong

interference.

Participants

Cross-sectional data were obtained from 4,000 participants of the Rhineland Study, a
single-center population-based prospective cohort study of community dwelling
individuals from two geographically defined areas in Bonn (Germany), aged 30 to 94
years. The study aims to investigate the etiology and prediction of neurodegenerative and
other age-related diseases, and emphasizes deep phenotyping. The study is approved by
the ethics committee of the Faculty of Medicine of the University of Bonn and is carried
out in accordance with the recommendations of the International Council for
Harmonisation (ICH) Good Clinical Practice (GCP) standards (ICH-GCP). All participants
provided written informed consent in accordance with the Declaration of Helsinki. The
present analysis contained all participants assessed between March 2016 and August
2019. Participants received no financial incentives for their participation.

Of the initial 4,000 participants, 43 persons had missing or incomplete AVLT data.
Reasons for missing/incomplete data included data quality (n = 19), refusal to complete
the test (n = 10), failed acquisition due to technical or organizational issues (n =5),
insufficient time (n =3), and unknown (n =2) or multiple reasons (n=4). From the
remaining 3,957 participants we excluded 93 participants who reported at least one
medical diagnosis that could possibly affect AVLT performance, i.e. dementia, stroke
including transient ischemic attacks or severe traumatic brain injury. We further excluded
34 participants with missing or incomplete data on education. Most of these missing cases

were due to participants’ refusal to provide this information or insufficient information to
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clearly define educational level. Our final sample for analyses thus comprised 3,830
participants.

Procedure and measurement

The AVLT was carried out as the first part of a 50-minute cognitive test battery. For each
participant, study assistants selected the list version from a predefined table in which each
list version was represented equally often, but in randomized order.?’ In five successive
trials, this list was read to the participant with about one second per word in a fixed order.
Each of the trials 1 to 5 were immediately followed by free recall, for which the study
assistant took notes on the computer. To avoid mistakes and to improve the writing speed,
we applied a word completion aid for the words in the respective list. Study assistants
were instructed to note down all words given as answers by the participants. Repetition of
words within memorization strategies were not noted down. Subsequently, another, also
semantically unrelated, word list (interference list) was read out and had to be immediately
recalled. After this interference list, the participant was asked to recall the first list again
without the study assistant repeating the words first (Trial 6). Then, 20-30 minutes later, a
delayed recall (Trial 7) was carried out, asking the participant for the words learned in the
first list, again without prior repetition of the list. Although the order in which the word lists
were presented stayed the same, the participant was allowed to recall the words in any
order."2728.35 \We did not include a recognition trial. In the delay between Trial 6 and Trial
7, participants performed a fixed set of non-verbal cognitive tests, comprising oculomotor
tasks,38 a Corsi block-tapping test,3® and a trail-making test.*

As one of the last tests in the cognitive battery, participants performed a German verbal
intelligence Test (Mehrfachwahl-Wortschatz-Intelligenztest; MWT-B)*' to allow an
estimate of crystallized intelligence. In this test, participants were asked to identify a
correct German word among four imaginary words in each of 37 items. We included MWT-
B performance in the participant characteristics to provide a comprehensive description

of our sample.

Information on educational status and medical history was obtained using structured
interviews and self-administered questionnaires. Education was defined as the highest
self-reported educational attainment. Based on the International Standard Classification
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of Education (ISCED) 2011, we classified low education as the completion of lower and
secondary education or below, middle education as completed upper secondary
education up to completed Bachelor's degree or equivalent and high education as
completed Master’s degree or equivalent up to completed doctoral degree or equivalent.
All examinations were carried out or supervised by specifically trained and certified study

assistants to ensure data quality.

Definition of AVLT scores

Definitions and calculations of AVLT variables are listed in Table 1. Primary AVLT
variables were the number of correctly recalled words for each trial (Trial 1, Trial 2, Trial
3, Trial 4, Trial 5, Interference, Trial 6, Trial 7). As secondary variables, we selected
commonly used summary scores which give valuable additional information on episodic
verbal memory performance. The sum of trials 1 to 5 is a frequently used score to evaluate
learning performance. The learning over ftrials variable shows learning performance
independent of recall in Trial 1. In both variables, sum of trials 1 to 5 and learning over
trials, higher values represent better learning performance. The proactive inhibition
variable shows the strength of the inhibition effect of a previous learning task on new word
list learning. The retroactive inhibition variable shows the strength of inhibition effect of the
interference list on the previously learned list. In both inhibition variables positive numbers
show an inhibition effect on performance, whereas negative numbers occur if participants
recalled more words in Trial 6 than Trial 5 (retroactive inhibition) or more words in the
interference trial than in Trial 1 (proactive inhibition). To also include incorrectly recalled
words in our analysis we calculated three error variables (false positive errors, interference
errors and perseveration errors). As numbers per trial were usually very small we summed
the values over all trials. Still, numbers remained very small especially for false positive
and interference errors. To check whether results were affected by the total number of
recalled words, we additionally calculated the percentage of perseveration errors, as this

was the most frequent error.
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Table 1. AVLT score definitions

AVLT score

Description

Trial 1
Trial 2

Trial 3
Trial 4

Trial 5
Interference

Trial 6
Trial 7

Sum of trials 1to 5
Learning over trials

Proactive inhibition
Retroactive inhibition
(loss after interference)

False positive errors

Interference errors

Perseveration errors

Percent of
perseveration error

Number of correctly recalled words after first learning trial.

Number of correctly recalled words after second learning
trial.

Number of correctly recalled words after third learning trial.

Number of correctly recalled words after fourth learning
trial.

Number of correctly recalled words after fifth learning trial.

Number of correctly recalled words from the interference
list after interference list learning trial.

Number of correctly recalled words from first list without
learning.

Number of correctly recalled words from first list without
learning after 20 to 30 minutes time delay to Trial 6.

Sum of recalled words from Trial 1 to Trial 5.

Sum of recalled words in Trial 1 to Trial 5 minus five times
the number of recalled words in Trial 1.

Difference between recalled words in Trial 1 and recalled
words in the Interference trial.

Difference between recalled words in Trial 5 and Trial 6.

Number of recalled words which had not been part in any
of the two lists, summed over all trials.

Number of words that were part of one of the learned lists
but recalled in the respective other list recall trial (e.g.
“pbird” was learned in the first list but it was given as an
answer in the interference list recall)

Number of repetitions within one trial independent of
whether they have been learned in any of the lists or not,
summed over all trials.

Ratio of the perseveration error and the total number of
recalled words over all trials.
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Statistical analysis

To assess the comparability of the 10 list versions as well as effects of age and sex on
the number of recalled words in the different trials (Trial 1 to Trial 7), we used linear mixed-
effect models. We included a random intercept for participants in order to account for
correlations between repeated measures of AVLT scores. We also added a random slope
for Trials 6 and 7 as they are not part of the learning slope of the other trials. As main fixed
effects we included: trial (Trial 1 to Trial 7), delay time (centered) for Trial 7, and education
(low, middle, and high). Further, we included interaction terms between trial and list
version (A to J), trial and age (centered), and trial and sex (men and women). In an
additional model, we added a trial by age? interaction term to examine non-linear aging
effects. These analyses did not include the Interference trial as this was not different
between the list versions. As we used mixed-effect regression analyses we calculated
Cohen’s f? based on marginal R? estimates to report effect sizes for continuous and
categorical fixed effects.4>*4 We chose to calculate Cohen’s f as it gives the proportion
of variance in the outcome variable that is uniquely accounted for by the independent
variable of interest in relation to the proportion of unexplained variance [f? = (R?xs — R?A) /
(1 — R?x8); R?ag: proportion of variance accounted for by the variable of interest (B) and
the set of other variables (A); R?a: proportion of variance accounted for by the set of other
variables (A)].*?45 Here, 2= 0.02 indicates a small effect, = 0.15 indicates a medium
effect and = 0.35 indicates a strong effect.#2(Pp410-414)

To assess the comparability of the 10 list versions as well as effects of age and sex on
error variables, for count data (false positive, interference, and perseveration errors) we
used hurdle models “6 with a negative binomial distribution for the count part of the models.
For percentage of perseveration error we used a zero-inflated beta regression model.*’
All models included list version, age (centered), sex, and education as independent

variables.

Age and sex effects in sum of trials 1 to 5, learning over trials, proactive and retroactive
inhibition were estimated using linear models. Sum of trials 1 to 5, learning over trials, and
proactive or retroactive inhibition variables were derived using list version corrected trial
performance. For the list version correction, we used the estimates of the interaction
between trial and list version and subtracted them from the original trial performance.



25

Linear models included age (centered), sex, and education as independent variables. Also
for the linear models we calculated Cohen'’s  to report the effect sizes.4?43

All models including individual list versions (linear mixed effect, hurdle and zero-inflated
beta regression models) used list version E as the reference category, as it was closest
to the sample median. The reference category for the variable sex was women and for
education the reference category was the middle educational level.

All analyses were done using R version 3.6.2 and RStudio version 1.2.5033.484% Main
functions used for the analyses were the Ime function from the nlme package® for the
linear mixed effects models, the hurdle function from the pscl package*® for the hurdle
models, and the gamlss function from the gamlss package*’ for the zero-inflated beta

regression model.

RESULTS
Sample characteristics

Our sample of analysis (n = 3,830) was younger than the excluded sample (n =170,
77 = 0.02, small effect) but not considerably different in the proportion of men and women
(Cohen’s w = 0.03). Included and excluded participants showed no difference in MWT-B
performance (77 = 0.00). The exclusion of participants did not have a strong influence on
the distribution of age (analysis sample: median [IQR] = 54.5 [44.5, 65.7]; complete
sample: median [IQR] = 55.0 [45.0, 66.4]), sex (analysis sample: women n =2,180
(57 %), menn = 1,650 (43 %); complete sample: women n = 2,264 (57 %), menn = 1,736
(43 %)), educational level (analysis sample: low n =76 (2 %), middle n =1,710 (45 %),
high n =2,044 (53 %); complete sample: low n =82 (2 %), middle n=1,776 (45 %),
high n =2,101 (53 %)) and MWT-B performance (analysis sample: median [IQR] = 31.0
[29.0, 33.0]; complete sample: median [IQR] = 31.0 [29.0, 33.0]) between our total sample
and the sample of analysis. Table 2 gives participant characteristics for men and women
separately. Men and women differed in educational level with men being more often in the
high and women being more often in the middle category.
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Table 2. Participant characteristics

Women Men Effect
Characteristic (n=2,180) (n=1,650) size p
Age, median years [IQR] 54.7 54.3 0.007 874
[44.7,65.2] [43.9, 66.0]
Age range, years 30-94 30-93
Age, n (%) 30-39 years 361 (17) 311 (19) 0.05% 230
40-49 years 439 (20) 305 (18)
50-59 years 602 (28) 422 (26)
60-64 years 223 (10) 157 (10)
65-69 years 210 (10) 157 (10)
70-74 years 140 (6) 117 (7)
75-79 years 127 (6) 107 (6)
80+ years 78 (4) 74 (4)
Education, low 58 (3) 18 (1) 0.13% <.001
n (%) middle 1081 (50) 629 (38)
high 1041 (48) 1003 (61)
MWT-B, median [IQR]? 31 31 0.00t .020
[29, 33] [29, 33]
Time delay, mean minutes (SD) 22.3 (3.9) 22.3 (4.0) 0.007 .636

Note. SD, standard deviation; IQR, Interquartile range; ISCED, International Standard
Classification of Education; MWT-B, Multiple-choice Vocabulary Intelligence Test; Low
education: ISCED-11: 0-2; Middle education: ISCED-11: 3-6; High education: ISCED-
11:7-8. Skewed variables are represented by median and IQR. Symmetrically
distributed variables are represented by mean and SD. P-values were derived for
categorical variables by chi-squared tests, for symmetrically distributed continuous
variables by a two-group ANOVA, and for skewed continuous variables by a Kruskal-
Wallis test.

aMissing values in women: n = 172. Missing values in men: n = 121.

t7P-value. 77 = 0.01 indicates a small effect, 77 = 0.06 indicates a medium effect and
177 = 0.14 indicates a large effect)

*Cohen’s w. w = 0.10 indicates a small effect, w = 0.30 indicates a medium effect and
w = 0.50 indicates a large effect.#2(chap7.2.3)

Sample characteristics were comparable across all AVLT list versions (Table 3).



Table 3. Participant characteristics stratified for list version

List version
A B C D E F G H | J
n 370 396 371 370 417 365 374 396 380 391
Age, median years [IQR] 54.5 54.1 54.4 53.9 54.8 57 54.1 54.3 55.1 53.9
[45.6, [43.4, [45.9, [45.2, [43.8, [46.5, [43.6, [43.1, [47.8, [42.6,
66.4] 65.2] 64.2] 64.5] 66.1] 66.4] 63.2] 65.5] 68.7] 65.8]
Sex, women
n (%) 202 (55) 228(58) 220(59) 211(57) 232(56) 219(60) 206 (55) 226 (57) 231(61) 205 (52)
men 168 (45) 168 (42) 151 (41) 159 (43) 185 (44) 146 (40) 168 (45) 170 (43) 149 (39) 186 (48)
Education, low 6 (2) 5(1) 5(1) 7(2) 8(2) 4(1) 9(2) 7(2) 15 (4) 10 (3)
n (%) middle 160 (43) 178 (45) 173 (47) 173 (47) 184 (44) 160 (44) 166 (44) 190 (48) 165 (43) 161 (41)
high 204 (55) 213(54) 193 (52) 190 (51) 225(54) 201 (55) 199(53) 199 (50) 200 (53) 220 (56)
MWT-B, median [IQR]* 31 31 31 31 31 31 31 31 31 31
[29,33] [28,33] [28,33] [29,33] [29,33] [29,33] [29,33] [29,33] [29,33] [29,33]
Time delay,

mean minutes (SD) 225 (4.1) 22.3(3.9) 22.0(3.6) 222 (4.1) 22.4(42) 22.1(42) 22.2(3.7) 22.1(3.8) 22.7 (3.9) 22.2(3.9)

Note. SD, standard deviation; IQR, Interquartile range; ISCED, International Standard Classification of Education; MWT-B, Multiple-choice

Vocabulary Intelligence Test. Low education: ISCED-11: 0-2; Middle education: ISCED-11: 3-6; High education: ISCED-11:7-8.
aMissing values: n = 293.

yXé
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AVLT performance

Figure 1 shows the performance of participants in Trials 1 to 7 and the number of errors
stratified for list version. On average participants recalled 6.95 (SD =2.01) words in
Trial 1, 9.72 (SD =2.38) words in Trial 2, 10.98 (SD = 2.42) words in Trial 3, 11.67
(SD = 2.31) words in Trial 4, 12.05 (SD = 2.23) words in Trial 5, 10.30 (SD = 3.08) words
in Trial 6, and 10.32 (SD = 3.24) words in Trial 7. Over all list versions the median of false
positive errors was 1 (range: 1-33), the median of interference errors was 0 (range: 0-9),
and the median of perseveration errors was 3 (range: 0-59). Supplementary Tables S1 to
S11 show participant performance in all AVLT outcome variables stratified by age in

decades and sex over all list versions and stratified for each list version.
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List version differences

On average our word lists had 25.7 syllables, with a maximum 27 syllables and a minimum
23 syllables. No word had more than three syllables.

Linear mixed models showed, after adjustment for possible confounders, mean list version
differences of less than 0.82 words per trial (standardized estimate = 0.27) between
reference list version E and the other list versions. List versions A to | showed high
comparability. Only list version J was slightly more difficult than the other list versions over
all trials (Figure 2 A). However, the overall effect of the list version on the model was very
small (2 = 0.015).

For women at the mean sample age of 54.5 years, with a middle educational level and
performing the reference list version E, the predicted probability of having at least one
false positive error was 74 % (95 % CI [69 %, 78 %]). For the same participants, the
predicted probability for an interference error was 23 % (95 % CI [19 %, 28 %]) and 86 %
(95 % CI [82 %, 89 %]) for a perseveration error. All other list versions showed that the
adjusted odds ratio (OR) of making at least one false positive error compared to list version
E ranged between 0.619 and 1.208, with list versions A and C showing significantly lower
odds (p < .05) (Figure 2 B). For interference errors, the adjusted OR of making at least
one error compared to list version E ranged between 0.263 and 1.227 with list versions A
and F showing significantly lower odds (p < .05) (Figure 2 B). For perseveration errors,
the adjusted OR of making at least one error compared to list version E ranged between
0.875 and 1.325 with none of the lists showing significantly lower or higher odds (p > .05)
(Figure 2 B).

The count part of the hurdle model yielded, for participants who made errors, the
multiplicative effects on the rate ratio (RR) for the list versions different from version E.
For false positive errors, it ranged between 0.652 and 0.990, for the interference error it
ranged between 0.360 and 0.912, and for perseveration errors it ranged between 0.867
and 1.092 (Figure 2 C). Significant differences (p <.05) in the RR with reference to list
version E were observed for false positive errors for list versions B, C, D, G, and H and
for interference errors for list versions C, F, H, |, and J. In perseveration errors, we did not

find any differences in RRs between list versions (Figure 2 C).
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Words. (A) Additive effects of list versions on the number of recalled words in Trial 1 to 7
with reference to list version E, adjusted for age, sex, education, delay time, and age?. (B)
Adjusted odds ratios of making at least one error in the different list versions with reference
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hurdle model. (C) Multiplicative effects on the rate ratio for all participants making at least
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Age effects

We observed medium to large age effects on the number of correctly recalled words
across trials (7 = 0.289) (Figure 3 A). Performance dropped with each decade of age
between 0.57 (95 % CI1[0.53, 0.61]) words for Trial 1 and 1.07 (95 % CI [1.00, 1.13]) words
for Trial 7 (Figure 3 A and Table 4). In addition, we also observed small nonlinear effects
of age on the number of correctly recalled words across trials (Table 4).

Sum of trials 1 to 5 decreased on average with increasing age by 3.40 (95 % CI [3.22,
3.58]; standardized estimate = 0.34, 95 % CI [0.32, 0.36]; 2 = 0.349) words per decade
(Figure 3 B). Learning over trials decreased on average with increasing age by 0.52 (95 %
Cl [0.38, 0.67]; standardized estimate=0.08, 95 % CI [0.06, 0.10]; 2= 0.013) words per
decade (Figure 3 B). The effect on retroactive inhibition increased on average with
increasing age by 0.36 (95 % CI [0.32, 0.40]; standardized estimate = 0.19, 95 % CI1[0.17,
0.21]; #=0.076) words per decade of age (Figure 3 B). No age effects were found on
proactive inhibition (estimate = 0.00, 95 % CI [-0.05, 0.04]; standardized estimate = 0.00,
95 % CI [-0.02, 0.02]; 2 = 0.000) (Figure 3 B).

The odds of making at least one error increased per year of age for false positive as well
as interference errors with an adjusted OR of 1.018 (95 % CI [1.012, 1.023]) and 1.035
(95 % CI [1.029, 1.041]), respectively. In contrast, perseveration errors decreased per
year of age with an adjusted OR of 0.982 (95 % CI [0.975, 0.988]). Similarly, within those
participants making errors (number of participants making at least one error: Nnrasse positive
errors = 2,750; Ninterference errors = 840; Nperseveration errors = 3,27 1) with each increasing year of
age the RR of errors was 1.014 (95 % CI[1.011, 1.018]) for false positive errors and 1.030
(95 % CI [1.020, 1.040]) for interference errors, but 0.993 (95 % CI [0.990, 0.995]) for
perseveration errors. The decrease in the odds of making at least one perseveration error
with increasing age remained also after taking the total number of recalled words into
account (OR =0.981, 95 % CI [0.975, 0.988]). However, the decrease in RRs with
increasing age for participants making at least one perseveration error was not found for

the percentage of perseveration errors.
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Figure 3. Age Effects on AVLT Outcome Variables. (A) Number of correctly recalled
words separated for each age group in decades. (B) Performance in sum of trials 1 to 5,
learning over trials, proactive and retroactive inhibition separated for each age group in
decades. (C) Number of erroneous recalled words separated for each age group in
decades. Abbreviations: M, Mean; SD, standard deviation.



34

Table 4. Effects of Age and Age? on the Number of Correctly Recalled Words per Trial

Model 1 Model 2
Fixed effects Estimate Std. estimate p Estimate Std. estimate p
(95 % Cl) (95 % Cl) (95 % Cl) (95 % Cl)
Trial 1:Age -0.057 -0.019 <.001 -0.057 -0.019 <.001
(-0.061, -0.053) (-0.021, -0.018) (-0.061, -0.052) (-0.0.20, -0.017)
Trial 2:Age -0.073 -0.024 <.001 -0.072 -0.024 <.001
(-0.077, -0.068) (-0.026, -0.023) (-0.077, -0.068) (-0.026, -0.023
Trial 3:Age -0.075 -0.025 <.001 -0.075 -0.025 <.001
(-0.080, -0.071) (-0.027, -0.024) (-0.079, -0.070) (-0.026, -0.023)
Trial 4:Age -0.071 -0.024 <.001 -0.070 -0.023 <.001
(-0.075, -0.066) (-0.025, -0.022) (-0.074, -0.066) (-0.025, -0.022)
Trial 5:Age -0.065 -0.022 <.001 -0.065 -0.022 <.001
(-0.070, -0.061) (-0.023, -0.020) (-.069, -.060) (-0.023, -0.020)
Trial 6:Age -0.102 -0.034 <.001 -0.101 -0.034 <.001
(-0.108, -0.096) (-0.036, -0.032) (-0.107, -0.095) (-0.036, -0.032)
Trial 7:Age -0.107 -0.036 <.001 -0.106 -0.035 <.001
(-0.113, -0.100) (-0.038, -0.034) (-0.112, -0.099) (-0.037, -0.033)
Trial 1:Age? -0.001 0.000 <.001
(-0.001, 0.000) (0.000, 0.000)
Trial 2:Age? -0.001 0.000 <.001
(-0.001, 0.000) (0.000, 0.000)
Trial 3:Age? -0.001 0.000 <.001
(-0.001, -0.001) (0.000, 0.000)
Trial 4:Age? -0.001 0.000 <.001
(-0.001, -0.001) (0.000, 0.000)
Trial 5:Age? -0.001 0.000 <.001
(-0.001, -0.001) (0.000, 0.000)
Trial 6:Age? -0.001 0.000 <.001
(-0.001, -0.001) (0.000, 0.000)
Trial 7:Age? -0.001 0.000 <.001

(-0.002, -0.001) (-0.001, 0.000)

Note. Std., standardized; Cl, confidence interval. Excerpt from linear mixed effect models which
are adjusted for the influence of list version, age (in years), sex, education, and delay time for trial
7. Model 1 includes an interaction between trials and age (in years), while Model 2 additionally
includes an interaction between trials and age®. Age reference: mean sample age.
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Sex effects

Cohen’s f for the effect of sex on the number of correctly recalled words as outcome was
0.070. Women recalled on average about one word more per trial than men (Figure 4 A,

Table 5). The inclusion of quadratic age effects only led to small changes in the estimates.

Women performed better than men in the sum of trials 1 to 5, recalling on average 5.333
more words (95 % CI [4.822, 5.845]; standardized estimate = 0.537, 95 % CI [0.485,
0.588]; 7= 0.109; Figure 4 B). Similarly, but to a lesser extent, women learned over trials
on average about 1.263 more words than men (95 % CI [0.857, 1.670]; standardized
estimate = 0.198, 95 % CI [0.134, 0.262]; 2= 0.010; Figure 4 B). Retroactive inhibition
was stronger in men and resulted in forgetting on average 0.267 (95 % CI [0.151, 0.382];
standardized estimate = 0.143, 95 % CI [0.081, 0.205]; = 0.005) words more than
women (Figure 4 B). We did not observe sex differences in proactive inhibition (estimate =
-0.079, 95 % CI [-0.207, 0.049]; standardized estimate = -0.040, 95 % CI [-0.105, 0.025];
2=0.000) (Figure 4 B).

The odds of making at least one error were higher in men for false positive as well as for
interference errors with adjusted ORs of 1.265 (95 % CI [1.093, 1.465]) and 1.285 (95 %
Cl[1.093, 1.511]), respectively. In contrast, the odds of having at least one perseveration
error were not significantly different between men and women (OR =0.837, 95 % CI
[0.696, 1.006]). Within the group of participants making errors (number of participants
making at least one error: Nraise positive errors = 2,750; Ninterference errors = 840; Nperseveration errors =
3,271), on average men also made more false positive errors (multiplicative effect on RR =
1.226, 95 % CI [1.109, 1.356]). For interference errors we found no significant
multiplicative effect on the RR (multiplicative effect on RR = 1.091, 95 % CI [0.836,
1.424])). For perseveration errors, within those participants making errors, women made
more errors than men (multiplicative effect on RR = 0.879, 95 % CI [0.809, 0.937]). There
was no effect of sex on the percentage of perseveration errors.

Visual inspection of trial performance and error count showed parallel trajectories of men
and women across age. Therefore, we did not include an interaction term between age

and sex in our analysis.
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Figure 4. Sex Effects on AVLT Outcome Variables. (A) Number of correctly recalled
words separated for men and women. (B) Performance in sum of trials 1 to 5, learning
over trials, proactive and retroactive inhibition separated for men and women. (C) Number
of erroneous recalled words separated for men and women. Abbreviations: M, Mean; SD,
standard deviation.
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Table 5. Effects of Sex on the Number of Correctly Recalled Words per Trial

Model 1 Model 2

Fixed Estimate Std. estimate p Estimate Std. estimate p

effects (95 % CI) (95 % CI) (95 % CI) (95 % CI)

Trial 1:Sex -0.822 -0.275 <.001 -0.807 -0.270 <.001
(-0.945, -0.700) (-0.315, -0.234) (-0.929, -0.685) (-0.310, -0.229)

Trial 2:Sex -1.107 -0.370 <.001 -1.093 -0.365 <.001
(-1.230, -0.985) (-0.411, -0.329) (-1.215, -0.971) (-0.406, -0.324)

Trial 3:Sex -1.200 -0.401 <.001 -1.179 -0.394 <.001
(-1.322, -1.077) (-0.441, -0.360) (-1.301, -1.057) (-0.434, -0.353)

Trial 4:Sex -1.127 -0.376 <.001 -1.107 -0.370 <.001
(-1.249, -1.005) (-0.417, -0.335) (-1.229, -0.985) (-0.410, -0.329)

Trial 5:Sex -1.045 -0.349 <.001 -1.026 -0.343 <.001
(-1.168, -0.923) (-0.390, -0.308) (-1.148, -0.904) (-0.383, -0.302)

Trial 6:Sex -1.293 -0.432 <.001 -1.272 -0.425 <.001
(-1.463, -1.123) (-0.488, -0.375) (-1.442,-1.103) (-0.481, -0.368)

Trial 7:Sex -1.482 -0.495 <.001 -1.458 -0.487 <.001
(-1.651, -1.312) (-0.551, -0.438) (-1.628, -1.289) (-0.543, -0.430)

Note. Std., standardized; Cl, confidence interval. Excerpt from linear mixed effect models which
are adjusted for the influence of list version, age, sex, education, and delay time for trial 7. Model
1 includes an interaction between trials and age, while Model 2 additionally includes an interaction
between trials and age?. Sex reference: women.

DISCUSSION

We developed 10 German versions of the AVLT and evaluated their comparability in a
large population-based sample, including participants between 30 and 94 years of age
without dementia, stroke or severe traumatic brain injury diagnosis. Additionally, we
estimated aging as well as sex effects in detail for a wide range of outcome variables and
we provide detailed information on performance over age, stratified for men and women.
We were able to include 95.75 % of the original sample in our analysis which reduces the

likelihood of introducing bias due to data exclusions.

We chose a linear mixed-effects modelling approach, which allows for longitudinal
modelling of recalled words over different trials by accounting for the correlation between
repeated measurements.%'-53 An advantage of this approach was that the comparability
of different list versions over multiple trials could be investigated in a joint statistical model,
instead of considering each trial separately. In standard approaches of parallel testing this
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is often not included.>* Overall, results showed that our 10 list versions were highly
comparable because list version had only a very small effect on recall performance
(? = 0.015), which corresponds to a maximum mean difference of less than one word from
the reference list version. Only list version J proved to be slightly more difficult over all
trials than the other list versions with the maximum mean difference of 0.82 words
(standardized estimate = 0.27) for the delayed recall. Interference and false positive errors
were infrequent and differed only slightly between list versions, whereas the more frequent
perseveration errors showed no list differences. Therefore, we consider the significant
differences in interference and false positive errors to be more a result of small variance
and large sample size, then being indicative of clinically relevant differences between test

versions.

Age showed to have a medium effect on recall performance (f2=0.289). Recall
performance decreased between 0.6 to 1 word (of 15 words in total) per decade of age,
which is similar to findings of previous studies with comparable age ranges, but smaller
sample sizes.'"5%56 This supports the validity of our list versions in comparison to other
test versions and shows the strength of effects. As a measure of learning ability, we chose
both learning over trials and the frequently used sum of trials 1 to 5. In line with previous
studies, the sum of trials 1 to 5 decreased strongly with higher age, as shown by a high
effect size (f?=0.349).""57.58 |earning over trials is not influenced by baseline
performance (Trial 1) which makes it a better estimate of pure learning ability.'® We found
negative, but only very small age effects (f = 0.013) of about half a word per decade for
learning over trials, which has been also reported in some, %5 but not all studies.® These
differences might be due to sample size differences. This suggests that while learning
ability decreases slightly with higher age in non-demented, largely well-educated
participants, the main effects of aging are noticeable at the first recall, which is thought to
mainly reflect attentional ability.58

Adding the interference trial to the AVLT enabled us to also measure inhibition.>> We
observed small aging effects (2 =0.076) on retroactive inhibition, but not proactive
inhibition (2 = 0.000). Proactive inhibition measures the negative effect of previously
learned material on new information. It has been shown to be affected in patients with

frontal lobe lesions, but has not shown systematic age effects.'? In contrast, retroactive



39

inhibition, which measures the adverse effect of new information on previously learned
information, has been found to be increased in older participants, but results are
inconsistent.®'2 One reason for the inconsistency could be that retroactive inhibition is
stronger in older age groups, which are not represented in most studies testing retroactive
inhibition.'?

Whilst error variables are often calculated, age effects are examined in depth in only very
few studies. This might be due to their low frequency, because of which our results also
need to be interpreted with precaution. Nevertheless, they are interesting to examine as
very high values have been associated with pathological changes.”?® We found both false
positive and interference errors to slightly increase with age whereas perseveration errors
decreased. Previous studies found no increase in false positive and interference errors.
Those studies however had much smaller sample sizes, and we likely had more power to
detect the small effect sizes (OR between 0.982 and 1.035) given our very large sample
size.®1" The decrease in perseveration errors with age is surprising, as this type of error,
mostly examined in the Wisconsin Card Sorting Test, has been reported to increase with
age.%® However, for the AVLT, some previous studies also reported decreases with
age.®'" These differences might be due to different demands that are measured by both
types of perseveration errors.®? To rule out the effect of the total number of words recalled,
we corrected the perseveration error accordingly. This only marginally affected the
estimates which remained significant. Whether and why perseveration errors would

decrease with age warrants replication and further examination in future studies.

Sex differences in the number of recalled words per trial were not consistently found in
previous studies. The often-used German test version by Helmstaedter’ for example does
not provide sex-specific norms. However, a number of studies across countries have
reliably shown that, on average, women outperform men in most of the outcome
variables.®1:2425 \We observed small to medium effects sizes (f* = 0.072) of sex on recall
performance. Over all trials and age ranges, women recalled, on average, about one word
(of 15 words in total) more than men, in accordance with previous studies.?>8" We also
observed small to medium effect sizes (7 =0.109) for sex differences in learning
performance using the sum of trials 1 to 5. However, similarly to age, this is largely driven
by the sex differences in the first recall as learning over trials shows way smaller
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(2 = 0.010), though still significant, sex differences. These have not previously been found
by others.®® However, in comparison to other studies, the sex differences in the number
of correctly recalled words over trials reported here were stronger than in previous studies;
accordingly, we were able to detect very small effects of sex in learning over trials.
Additionally, as mentioned in the introduction, another reason for inconsistent findings
regarding sex differences may be sample differences in socio-economic parameters such

as education and employment status.?’

The general level of difficulty of our list versions appears to be comparable to other
studies, -2 although our participants performed slightly better than those in Van der Elst
et al." and Cavaco et al..®® In relation to the most widely used German AVLT version,
participants in our study, especially women, showed better performance over most
outcomes than those in Helmstaedter et al..” However, our participants showed worse
performance than participants in Speer et al.® who used the same test version as
Helmstaedter et al..” This suggests that the observed differences are most likely due to
educational and health status differences between samples, rather than to differences

between AVLT versions.

LIMITATIONS

Limitations of our study include its cross-sectional design, as a consequence of which we
could not estimate the test-retest reliability of our test versions. We did not introduce
different interference lists, as we wanted to keep the influence of the interference list as
similar as possible between the learning list versions. Due to testing time restrictions we
also did not include a recognition trial. Our sample was highly educated and included only
a very limited number of participants in ISCED levels one and two. Therefore, we grouped
them together in a heterogeneous low education category. Our sample was not
representative of the education levels in the German population.®® Therefore, we could
not analyse effects of education in detail and only corrected for educational level in our
models for it. Our sample also included only a small number of very old participants (80+
years, n = 152). In terms of episodic memory, this can be a very heterogeneous group,
even within a non-dementia sample. Further studies that specifically examine this age
group would be helpful to support the generalizability of our findings to the very old. We
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did not test these list versions for discriminative validity between impaired and healthy
participants. However, since we kept the task design very comparable to previous task
versions and we were able to show relatively comparable difficulty levels to previously
published tasks, we expect a similar discriminative validity. Another limitation is that this
paper focused on the presentation of comparable AVLT list versions and data was
therefore not analysed at the item level. We would like to point out, however, that
especially in the item analysis, the difficulty of a word most likely applies only to the
German language, because when translated into another language the word length, the
number of syllables and the word frequency may be different, which may affect memory
performance.®* Nevertheless, it would be interesting to analyse this in future studies,
especially as an alternative analysis for error values. Using the different list versions within
another sample would further help to strengthen the observed results. Finally, it is worth
mentioning that the retroactive inhibition outcome measure, in other studies also called
retroactive interference,'?%% is not a pure inhibition effect, as Trial 6 includes no
presentation of the words before the recall as Trial 5 does.

CONCLUSIONS

We created ten list versions for the AVLT, of which nine were shown to be highly
comparable. These test versions could be used in longitudinal studies to avoid bias
resulting from test repetition. Because of the simplicity of the test design and the
translatability of this test into other languages, we encourage other scientists to use these
versions and test them further also in different languages. Additionally, we estimated age
and sex effects in a large sample and provide detailed reference values of AVLT
performance stratified for age in decades and sex especially for participant groups with
middle and high educational levels. Learning performance, inhibition effects, and errors
should be examined in more depth in other large samples as those outcomes could
provide additional valuable information about cognitive status.
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ABSTRACT

We introduce a new and time-efficient memory-encoding paradigm for functional magnetic
resonance imaging (fMRI). This paradigm is optimized for mapping multiple contrasts
using a mixed design, using auditory (environmental/vocal) and visual (scenefface)
stimuli. We demonstrate that the paradigm evokes robust neuronal activity in typical
sensory and memory networks. We were able to detect auditory and visual sensory-
specific encoding activities in auditory and visual cortices. Also, we detected stimulus-
selective activation in environmental-, voice-, scene-, and face-selective brain regions
(parahippocampal place and fusiform face area). A subsequent recognition task allowed
the detection of sensory-specific encoding success activity (ESA) in both auditory and
visual cortices, as well as sensory-unspecific positive ESA in the hippocampus. Further,
sensory-unspecific negative ESA was observed in the precuneus. Among others, the
parallel mixed design enabled sustained and transient activity comparison in contrast to
rest blocks. Sustained and transient activations showed great overlap in most sensory
brain regions, whereas several regions, typically associated with the default-mode
network, showed transient rather than sustained deactivation. We also show that the use
of a parallel mixed model had relatively little influence on positive or negative ESA.
Together, these results demonstrate a feasible, versatile, and brief memory-encoding
task, which includes multiple sensory stimuli to guarantee a comprehensive
measurement. This task is especially suitable for large-scale clinical or population studies,
which aim to test task-evoked sensory-specific and sensory-unspecific memory-encoding
performance as well as broad sensory activity across the lifespan within a very limited

time frame.
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INTRODUCTION

With neurodegenerative diseases as one of the main challenges in aging populations, the
precise, comprehensive, and robust measurement of cognitive functions is of great
importance. Functional magnetic resonance imaging (fMRI) is one measurement that
helps us to bridge the space between biology and behavioral outcomes. Several large-
scale studies have employed fMRI to map brain activity in the general population,
including the Rotterdam Study,! UK Biobank,? and the Rhineland Study.® These large-
scale population studies are usually not designed to answer one specific hypothesis.
Rather, they aim to perform an extensive and deep phenotyping that allows addressing
multiple questions. As they are mostly prospective studies, they also need to anticipate
future questions. Therefore, tasks and paradigms should ideally be as versatile as
possible. In the absence of a specific hypothesis, resting-state fMRI is often employed,
mostly for practical considerations, as it is rather easy to apply and can also inform about
neural dysfunction.* Task-evoked fMRI provides complementary information, that is, the
brain’s response to specific demands,®>® and evokes activity in cortical networks under
more restrained conditions.”® Therefore, task fMRI is often considered. However, most
conventional task paradigms are not easily applied in clinical or large-scale population
studies?® for the following reasons.

First, conventional task paradigms from cognitive neuroscience are typically developed
and applied in experimental studies that pose less time constraints than population
studies. However, in clinical or large-scale population studies, acquisition time is often
more restricted, as the burden to participants, or patients, should be limited and costs add
up easily. Additionally, fMRI acquisition time typically competes with anatomical or
clinically motivated MRI sequences, including T1, T2, fluid-attenuated inversion recovery
(FLAIR), susceptibility-weighted imaging (SWI), perfusion, and diffusion.'®'" Thus, to be
feasible for clinical or population-based imaging, a task paradigm should be as time-
efficient as possible.

Second, conventional fMRI task paradigms have often been developed in homogenous
cohorts of young adults. In a large-scale population or clinical studies, the cohort of
participants is typically more heterogeneous with respect to age, education, lifestyle, and
health factors. This heterogeneity can result in problems when task instructions are
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tailored to a specific age group (such as young adults). As a consequence, paradigms
might show ceiling and/or floor effects for subgroups. Thus, an ideal paradigm should

have very simple or no instructions and yet remain informative across the entire cohort.

Finally, conventional task paradigms are typically designed to answer a specific
hypothesis, often from the field of cognitive neuroscience. As mentioned above, large-
scale, population-based studies mostly aim to employ fMRI to estimate neuronal activity
related to multiple research questions or outcomes at the same time. An ideal task
paradigm for population-based studies should permit the analysis of multiple contrasts
that span a wide range of cognitive functions.

To address these various requirements, we designed a novel task paradigm that we
consider especially suited for large-scale studies. It measures predominantly memory
encoding, but also perception and attention in both the auditory and visual domains within
ten minutes of fMRI acquisition time using simple instructions. To our knowledge, memory-
encoding paradigms so far presented stimuli of one sensory condition or did face-name
associative memory tasks'>'6 within a similar time frame. We optimized our task to allow
mapping of a versatile number of contrasts that are relatively straightforward to interpret.
To enable the separation of sensory-specific and sensory-unspecific activities,’'® we
used two sensory modalities, auditory and visual. Twenty-five percent of the total time
consisted of passive rest blocks as baseline/rest condition.?® Each sensory condition
contained two distinct sub-conditions to cover a wide range of information on visual and
auditory system activations as well as joined activation for sensory-unspecific functions
like overall memory. Within the visual condition, we chose to present faces and spatial
scenes, motivated by work on face-selective and scene-selective brain regions.?'-24
Further, those stimuli seemed to show differences in age-related reductions in neural
dedifferentiation, which makes them interesting for longitudinal studies.?®> To select
auditory stimuli on a similar level of specificity, we chose voice and environmental stimuli
motivated by previous work on voice-selective brain regions.?5-3' This decision was further
supported by studies showing that similarities as well as differences exist between the
regional activation of voice and face perception.3? Due to the simplicity of the design and
to keep the paradigm language free, we did not include language stimuli. A post-fMRI
recognition test, with previously seen/heard and novel items, enables the computation of
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contrasts between subsequently remembered (hit) and forgotten (miss) items.?433-3% |n
the following, we will refer to these contrasts as encoding success activity (ESA). We used
a parallel mixed block/event design to include a large number of stimuli within a limited
time and to enable the already versatile number of contrasts also for the separation of
sustained (block) and transient (event) activities.3¢-38 Differentiating both can help to get
a more complex understanding of the functional processes underlying a task. Sustained
effects give more information about the maintenance of activity throughout a set of stimuli,
for example, representing also overall attentional performance or arousal, whereas

transient effects are specific for each trial of a task.%’

Thereby, our task allows a large degree of flexibility to analyze the data in multiple ways
with regard to other outcomes of interest. This is important in studies spanning years to
decades, as research questions and analysis techniques change over time. In this study,
we introduce our task paradigm and demonstrate several possible analyses to generate
a range of different behavioral and neuronal measures relating to perception and memory
encoding. These outcome measures are then available for further analyses in the context

of the overall population study.

MATERIALS AND METHODS
Participants

We recruited 60 young adults between the ages of 19 and 30 years (M = 24.18, SD = 2.90;
36 females), from the University of Bonn community in the context of the pilot studies for
the Rhineland Study, a prospective cohort study. The study was carried out in accordance
with the recommendations of the International Council for Harmonization (ICH) Good
Clinical Practice (GCP) standards (ICH-GCP). We obtained written informed consent from
all participants in accordance with the Declaration of Helsinki. No incentives were offered
to the participants. The medical ethics committee of the Medical Faculty of the University
of Bonn approved the study. All participants had normal or corrected-to-normal vision.
Hearing levels were calibrated individually before the experiment, for the sounds to be
easily audible above the scanner noise. For one participant, visual retrieval data were not
available in the fMRI analysis. ESA contrasts for this participant were therefore analyzed
only on the basis of the auditory retrieval information. To detect possible floor effects of
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the task, we obtained behavioral task data of 21 persons older than 30 years (M = 52.71,
SD = 15.55; age range = 31-77; 12 females) (see Supplementary Material “Behavioral
results in older adults”).

Stimuli

A total of 160 auditory and 160 visual items were presented during the encoding task.
Auditory stimuli had durations between 538 and 2,771 ms (M = 1,630 ms, SD = 488 ms)
and consisted of 80 environmental and 80 human vocal sounds. The environmental
sounds included a mix of sounds from animals, traffic, tools, and musical instruments,
selected from previous auditory experiments.'826:3° The vocal sounds consisted of vocal
utterances, void of semantic content, such as laughing, crying, or coughing, selected from
previous experiments, from the Oxford Vocal (OxVoc) Sounds database®®“° or were
recorded for the purpose of this study. The recordings were from various male and female
voices. Duration of the auditory stimuli was not equalized, because some are by nature
rather short but nevertheless distinct, whereas others need a longer duration to be distinct
(e.g. cockcrow/doorbell vs. laughter/wind). To match stimuli for low-level physical
properties, we normalized all auditory stimuli to the same amplitude using version 2.0.6 of
Audacity® recording and editing software. The visual items consisted of color photographs
of 80 faces (size 570 x 360 pixels) and 80 scenes (size 500 x 375 pixels) on a black
background. Face stimuli contained faces from individuals with various ethnicities,
between 18 and 90 years of age, with an equal number of male and female faces selected
from previous experiments.#'43 Scenes were pictures from nature or urban outdoor
environments selected from Huijbers et al..#* Colors from the original scenic images were

slightly de-saturated to match the color contrast in the facial images.

From all available stimuli, we selected the final set of 160 stimuli with the aim to reach a
hit-rate of ~50 % (for an explanation, see section Behavioral analysis) and a false alarm
(FA) rate as low as possible.

Auditory stimuli were presented via S14 Insert Earphones (Sensimetrics, Malden, USA).
Visual stimuli were presented on a screen located at the head of the magnet bore and
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seen via a mirror mounted on the head coil. All stimuli were presented using PsychoPy
software v1.82,% running on a Windows PC.

MRI acquisition

fMRI data were acquired with a 3-Tesla Siemens MAGNETOM Prisma system (Siemens
Medical Systems, Erlangen, Germany). The scanner was equipped with a 64-channel
phased-array head/neck coil. We used inflatable air pads to restrict head movement, and
participants were instructed to lie still for the duration of the scan. For the applicability in
large-scale testing, we decided on a standard fMRI scanning protocol: we acquired two
task fMRI sessions of 140 volumes using echo-planar imaging (EPI), including four
dummies. Each volume consisted of 32 axial slices of 3 mm thickness with a 0.75 mm
gap. The repetition time (TR) was 2,000 ms, echo time (TE) was 30 ms, flip angle was
84°, readout bandwidth was 2,300 Hz/pixel, the slice orientation was anterior commissure-
posterior commissure (AC-PC), and field of view (FOV) was 192 x 192 mm, resulting in

an effective voxel size of 3.0 x 3.0 x 3.75 mm.

Task design and implementation

The task was designed as a mixed model®” and included 180 events (trials), grouped into
32 blocks (Figure 1). Out of these 32 blocks, eight were rest blocks (fixation), eight isolated
auditory blocks, eight isolated visual blocks, and eight parallel auditory/visual blocks.
Sixteen blocks contained auditory stimuli, half isolated auditory and half parallel with visual
images. Of these 16 blocks, eight blocks contained environmental sounds (four isolated
and four parallel), and eight blocks contained vocal sounds (four isolated and four
parallel). Similarly, for the visual blocks, half were presented in isolation and half in parallel
with sounds (scene and face images equally distributed). In each block, five items
—sounds, images, or both— were presented for a total of 16 s per block (Figure 1). Within
the auditory blocks, the inter-trial interval between items was 200-2,700 ms. Within the
visual stimulus blocks, the inter-trial interval between items was 200-2,200 ms. The
difference in the inter-trial intervals between auditory and visual blocks is due to the
variable duration of sounds. Each image was presented for exactly 2,000 ms. Inter-trial
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intervals as well as the order of blocks and the order of stimuli within the blocks were once
randomly assigned and remained the same for all participants. A white fixation cross on
black background was shown during the rest blocks, the inter-trial intervals, the isolated
auditory blocks, and the initial and final 8 s of each run. By design, we tried to ensure that
the different blocks and items would result in separate, uncorrelated regressors (see
section Parallel mixed model analysis). As we cannot predetermine which items will be
remembered or forgotten, we also evaluated the collinearity of the regressors after data

collection (see section Parallel mixed model analysis).
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Figure 1. Scheme of the task paradigm. (A) The order of presented stimuli and sensory
conditions. “On” represents presentation of the stimuli, and “Off° represents no
presentation of the stimuli. Each block contains five stimuli of one category and lasted
16 s. In parallel conditions, five auditory and five visual stimuli are presented in one block.
The auditory events consisted of environmental or vocal stimuli (see auditory timeline).
The visual events consisted of face or scene stimuli (see visual timeline; faced were not
pixelated in the original task). (B) Four exemplary blocks in detail.



58

The task presentation was distributed over two sessions (containing the same number of
blocks for each stimulus and presentation condition) of 4:54 minutes each separated by a
short question about the participants’ well-being. At the beginning of these sessions,
participants were given written instructions via the screen to pay attention to the sounds
and images (“please watch and listen carefully”). No motor responses were required in
our task, which had several advantages. Apart from keeping the task simple, movement
artifacts during scanning were minimized. Also, the lack of motor activity facilitates the

interpretation of sensory and memory-related fMRI data across the life span.46:47

Before the fMRI sessions, vision and hearing abilities were corrected to normal, by using
MRI-compatible glasses and a volume adjustment during the initial scout scan,
respectively. Following the scout scan, participants did a very short training session of
eight visual and eight auditory items including encoding and retrieval, to get acquainted
with the task procedures and to ensure they understood the instructions. Our following
encoding task was therefore explicit. After completing the two memory-encoding sessions,
participants’ memory retrieval was tested by two separate subsequent memory tests.
Recognition of auditory stimuli was tested first, followed by a visual recognition test.
Across the auditory and visual recognition tests, 160 previously encoded (old) and 160
novel (new) items were presented (80 environmental sounds/80 vocal sounds/80 face
images/80 scene images). The participants responded with two buttons (“Yes” and “No”)
to a forced-choice question (in German): “Did you hear/see this item previously?” (“Haben
Sie das Gerausch bereits gehort?” or “Haben Sie das Bild bereits gesehen?”). The
recognition tests were self-paced, and items were presented in blocks. In each block, five
old items (previously encoded) and five new items were presented in a random order. In
each block, items were of the same type. Across the blocks, the presentation order of the
encoding intervals was maintained to ensure an approximately equal time distance
between encoding and retrieval. Both recognition tests were done inside the MRI bore
immediately after the encoding runs. The auditory recognition test was done during a
diffusion MRI scan, and the visual recognition test was performed during an anatomical
T1-MPRAGE scan. Diffusion and anatomical MRI data are not included in this manuscript,
yet some of that data have been examined in relation to head motion.2 The fMRI and
behavioral data in this paper have not been published previously. All task scripts are
uploaded under https://www.rheinland-studie.de/data-code/boenniger2020.
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Behavioral analysis

Behavioral analyses were implemented in R v3.3.2 (http://www.r-project.org/). To quantify
memory performance, we examined the percentage of correct responses for previously
presented items (labeled as hit-rate) and the percentage of incorrect responses for new
items (labeled as FA-rate). We also calculated the discriminability index d-prime (d’), by
taking the z-standardized hit-rate minus the z-standardized FA-rate. Additionally, we
calculated the response bias (c) by taking the sum of the z-standardized hit- and FA-rates
multiplied by -0.5. Differences between hit- and FA-rates were calculated using paired and
two-sided t-tests. A one-sample t-test was used to examine the response bias. To assess
the main effects and the possible interaction between sensory modality (auditory/visual)
and presentation condition (isolated/parallel) on memory performance, we used an
ANOVA. Correlation analyses described in the supplements employ Pearson’s method,
unless otherwise indicated. Reliability analysis was done by splitting up the task into its
two sessions (for details, see Supplementary Material “Analysis of reliability”) and
calculating the intraclass correlation coefficients (ICC)*84% with a two-way model using

single units for each participant, estimating the consistency between the two sessions.

Functional MRI preprocessing

fMRI data were preprocessed using MATLAB (MathWorks, Natick, MA, USA), the
Statistical Parametric Mapping Toolbox (SPM8, UCL, London, UK), and GLM Flex (MGH,
http://mrtools.mgh.harvard.edu/index.php/GLM_Flex, MA, USA). First, we dropped the
four dummy volumes. Second, we realigned the time series to the first volume. Third, we
normalized the data to a standard EPI template in Montreal Neurological Institute (MNI)
152 space. Fourth, we smoothed the data with a full-width-half-maximum (FWHM) kernel
of 8mm. For assessing the reliability, we split the task into two sessions (for details see
Supplementary Material “Analysis of reliability”) calculated on the basis of the slice time-
corrected and normalized data. We calculated ICC values before smoothing the data,
using a publicly available online script for MATLAB by C. Pernet
(https://github.com/CPernet/spmrt/blob/master/spmrt_fMRI_ICC.m, downloaded 8th
February 2018). After calculating the ICCs on the voxel level, we smoothed the group-
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level ICC maps with a FWHM kernel of 8 mm for visualization purposes, as this makes it

easier to appreciate the spatial overlap between the contrast and the ICC map.

Parallel mixed model analysis

The subject-level analyses were conducted in SPM8. For the main analyses, the SPM
regressors were modeled according to the parallel mixed block/event design.?” In the
Supplementary Material, we also added a model comparison where we modeled the task
data according to a block-only design and an event-only design using the respective
regressors separately (see Supplementary Material “Model comparison between mixed,
block- and event-only modeling”).

In the mixed design, we included two block regressors: one for the auditory blocks and
one for the visual blocks (Figure 2). The block onsets were convolved with the canonical
hemodynamic response function using the durations. Passive rest blocks (fixation) were
not modeled explicitly. The block regressors were solely determined by the task design
and therefore fixed across subjects. In addition, we also added eight unique event
regressors, which were subject specific, as they were determined by the combination of
the task design (stimulus type: environmental sounds/vocal sounds/face images/scene
images) and the participants’ performance on the subsequent memory tasks (memory
performance: hit/miss) (Figure 2). To avoid collinearity,>° we included the parallel (auditory
and visual) presentation condition in an equal amount to the isolated (auditory or visual)
and rest (fixation) blocks to the task. In addition, we modeled blocks for both sensory
conditions (auditory/visual), whereas events were modeled for each stimulus condition
(environmental sounds/vocal sounds/scene images/face images) separately. To prevent
correlations between regressors due to participants who remembered or forgot too many
items (events) presented within one block, we aimed for a conservative response bias
(see section Behavioral results). This also ensured roughly equal hits/misses, so hits or
misses did not dominate single blocks. After data collection, before the analysis, we
checked the hemodynamic regressors for collinearity using a correlation analysis. All
regressors have shown to be largely independent with r = 0.3 within sensory conditions
and r around zero between sensory conditions. On average, the event-related regressors

were modeled based on 20.65 environmental hits (SD = 5.87), 19.25 environmental
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misses (SD = 5.77), 24.63 vocal hits (SD = 6.35), 15.30 vocal misses (SD = 6.30), 26.42
scene hits (SD = 6.16), 13.58 scene misses (SD = 6.16), 23.73 face hits (SD = 6.64), and
16.27 face misses (SD = 6.64). The event onsets were convolved with the canonical
hemodynamic response function using no duration. Further, the subject-level models also
included regressors for motion parameters, bad-volume regressors, and a high-pass filter
(1/128 Hz). The bad volumes were defined by the amount of absolute movement in

relation to the previous scans, using a threshold >0.75 mm or 1.5° in one or more

directions.
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Figure 2. The parallel mixed design consisted of two fixed block regressors, one for the
auditory and one for the visual blocks, and eight subject-specific event regressors. These
event-related regressors were determined by the combination of stimulus types, auditory
(environmental/vocal) or visual (face/scene) and subsequent memory performance
(hits/misses). Event regressors represent the SPM regressors of a single exemplary
subject.
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We defined ten contrasts. First, the block-based contrast was performed between auditory
and visual blocks (c1) to assess activity caused by the different sensory conditions.
Second, two event-related contrasts based on stimulus type was performed to assess
within the sensory conditions differences between stimuli types: (c2) environmental
sounds vs. vocal sounds masked by auditory activity greater than visual activity and (c3)
face images vs. scene images masked by visual activity greater than auditory activity.
Third, we defined ESA based on the events during isolated blocks: (c4) all (visual and
auditory) hits vs. all misses (sensory-unspecific ESA), (¢5) auditory hits vs. auditory
misses (auditory ESA), and (c6) visual hits vs. visual misses (visual ESA). We included
ESA only for each sensory type (auditory and visual stimuli), as we considered the type-
specific ESA maps (environmental sounds, vocal sounds, scene images, and face
images) to be too detailed and to have not enough trials. Fourth, we defined contrasts
relative to the rest condition (fixation), to examine differences and similarities between
sustained and transient activities: (c7) auditory blocks vs. rest, (c8) isolated auditory
events vs. rest, (¢9) visual blocks vs. rest, and (c10) isolated visual events vs. rest.

For all group maps, we used a global threshold of p < .05 [false discovery rate (FDR)
corrected] with a minimum cluster size of five voxels (no cluster-size correction). The same
threshold was used to define the masks for the conjunction analyses (c2/c3). Note that
the remaining activities within the mask also had to survive the global threshold (p < .05,
FDR corrected). Statistical group maps were projected to the cortical surface using
FreeSurfer (v5.1) via a standard MNI to the FreeSurfer average template transformation
or were resliced to 2.0 x 2.0 x 2.0 mm voxels and overlaid on the standard SPM8
individual T1-weighted volume.

RESULTS
Behavioral results

The subsequent memory performance is listed in Table 1. For each sensory and stimulus
condition, the hit-rate was significantly greater than the FA-rate. These differences
between the hit- and FA-rates indicate that participants were able to successfully encode
items in each category. The duration of subsequent memory test was between 10 and
19 min. The auditory retrieval took on average 7.32 minutes (SD = 0.86, range 6.40-
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11.16) and visual retrieval 3.86 minutes (SD = 0.77, range 3.03-8.18). Within the auditory
blocks, the inter-trial intervals for hits and misses were on average 1,556 ms (range 194-
2,713 ms) and 1,509 ms (range 194-2,713 ms), respectively. Within visual blocks, the
inter-trial intervals for hits and misses were on average 1,136 (range 200-2,200 ms) and
1,171 ms (range 200-2,200 ms), respectively.

Across all conditions, we found a d' of 1.19 (SD =0.40) and a c of 0.34 (SD = 0.27)
[auditory: ¢ = 0.32 (SD = 0.33); visual: ¢ = 0.39 (SD = 0.33)]. The response bias indicated
that participants were relatively conservative [fs9) = 9.59, p < .001] and thus more likely to
rate items as “new”. Paired t-tests indicated that memory performance was better for
visual items compared with auditory items and for scene images better than for face
images, but there was no difference in memory performance between environmental and
vocal auditory stimuli (Table 1). Similar results, with slightly lower d' but a comparable
response bias, have been observed for the small sample of older participants (see
Supplementary Material “Behavioral results in older adults”).

In our paradigm, stimuli were presented either in isolation or in parallel with stimuli of the
other sensory modality. We computed separate d’ values for each of the presentation
conditions (parallel/isolated) and sensory condition (auditory/visual). d' values for
subsequent memory of auditory stimuli were Misolated = 1.03 (SDisolated = 0.51) and
Moaraliel = 0.95 (SDparallel = 0.45) and for visual stimuli d' values of Misolated = 1.69
(SDisolated = 0.70) and Mparatiet = 1.31 (SDparaler = 0.60). Results of the ANOVA supported a
better subsequent memory performance for visual than for auditory stimuli independent of
the presentation condition (isolated/parallel) [F@,590) =37.29, p<.001]. Also the
presentation condition showed a main effect indicating a better subsequent memory
performance for items presented in isolation independent of the sensory modality
[F(1,509) = 40.60, p <.001]. Further, we found an interaction effect between sensory
modality and presentation condition [F159) = 25.62, p <.001], which suggested that the
parallel presentation of auditory and visual items was more detrimental to learning of

visual information than of auditory information.



Table 1. Memory performance

Hit-rate FA-rate Hit-rate vs. FA-rate d
M SD M SD t df p M SD t df p
Auditory 0.57 0.14 0.23 0.13 17.13 59 <0.001 0.99 0.46
Visual 0.63 0.14 0.15 0.12 21.81 59 <0.001 148 0.58
Auditory vs. Visual 6.09 59 <0.001
Environmental 0.52 0.15 0.19 0.11 15.73 59 <0.001 1.02 0.54
Vocal 0.62 0.16 0.27 0.16 15.8 59 <0.001 1.02 0.50
Environmental vs. Vocal 0.00 59 1.000
Face 0.59 0.17 0.19 0.15 17.35 59 <0.001 1.21  0.61
Scene 0.66 0.15 0.11  0.11 22.88 59 <0.001 1.87 0.75

Face vs. Scene

9.47 59 <0.001

Mean (M) and standard deviation (SD) for Hit-rate, False Alarm (FA)-rate and d-prime (d’) (n = 60). Paired t-tests are
used to depict differences between Hit- and FA-rate and between d’ of sensory and stimuli conditions.
Note: df indicates the degrees of freedom, t indicated the t-value and p indicates the p-value representing the

significance level.

¥9
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Sensory-specific activity

For the auditory blocks, we found the global maxima in the right auditory cortex and for
the visual blocks in the left visual cortex (Figure 3 c1). For the environmental sounds, the
maxima were in the right temporoparietal junction, and for the vocal sounds, in the right
superior temporal gyrus (Figure 3 c2). For scenes, we found maxima in the left
parahippocampal gyrus, and for faces, in the left fusiform gyrus (Figure 3 c3). See
sensory-specific activity in Table 2 for the MNI coordinates and values of the global
maxima (activation) and minima (deactivations). Supplementary Table A.2 in the
supplement provides cluster specific peaks for all contrasts.

@ Auditory vs. Visual

Environmental > Vocal Face > Scene

[

0 6 0 9
Vocal > Environmental Scene > Face

| |

0 16 0 12

Figure 3. Task-based activity contrasts between (Auditory vs. Visual) and within
(Environmental vs. Vocal and Face vs. Scene) sensory conditions. (c1) Block-based
contrast between auditory and visual stimulus blocks. (c2) Event-related contrast between
environmental and vocal sounds masked by auditory greater visual activity (see c1). (c3)
Event-related contrast between face and scene images masked by visual greater auditory
activity (see c1). Brain activity is shown at a threshold of p < .05 [false discovery rate
(FDR) corrected], and the color intensity shows the f-value. Contrast maps are uploaded
under https://neurovault.org/collections/IABCOPVN/.



Table 2. Maximally activated and deactivated brain regions for each contrast

Contrast Region MNIxy.2) t-value BA

Sensory-Specific Activity

o Auditory > Visual Auditory cortex 54.-1,-13 9.90 22/41
Visual > Auditory Visual cortex -3,-91, 4 13.13 17/18

o Environmental > Vocal Temporoparietal junction 57, -28, 32 3.78 39/40
Vocal > Environmental Superior temporal gyrus 63, -1,-10 11.65 22

c3 Face > Scene Fusiform gyrus -42, -49, -22 8.17 37
Scene > Face Parahippocampal gyrus -27, -49, -7 24.08 19/36

Encoding Success Activity (ESA) for isolated blocks

o Positive ESA Hippocampus 21, -7,-25 6.09 36/54
Negative ESA Precuneus 9, -70, 44 -6.37 7

o5 Positive auditory ESA Auditory cortex -60, -13, 4 5.72 22
Negative auditory ESA Precuneus 21, -55, 23 -5.06 23
Positive visual ESA Visual cortex 27,-91, 4 5.31 18

@ Negative visual ESA Precuneus 12, -67, 32 -5.53 7/31
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Continuation Table 2.

Contrast Region MNI(xy.z) t-value BA
Sustained (blocks)
o7 Auditory > rest (activation) Superior temporal lobe 54, 2,-13 9.71 22
Auditory < rest (deactivation) Visual cortex 18, -100, 8 5.39 18
Visual > rest (activation) Primary visual cortex -6, -88, -1 14.81 17
0 Visual < rest (deactivation) Temporoparietal junction -63, -25, 26 6.01 40
Transient (events)
Auditory > rest (activation) Primary auditory cortex -42,-28, 8 7.89 41
o8 Auditory < rest (deactivation) Putamen 21,8, -13 7.10 49/52
Visual > rest (activation) Fusiform gyrus 30, -55, -13 8.79 37
10 Visual < rest (deactivation) Inferior temporal gyrus -30, -49, 5 7.15 19/37

Contrasts represent: c1: block-based contrast between auditory versus visual stimuli blocks, c2: event-related contrast
between environmental versus vocal sounds, c3: event-related contrast between face versus scene images, c4: ESA
for all (visual and auditory) hits versus all misses, c¢5: ESA for auditory hits versus auditory misses, c6: ESA for visual
hits versus visual misses, c7: auditory versus rest blocks, c9: visual versus rest blocks, c8: auditory events versus rest
and c10: visual events versus rest. All brain regions are described with MNI coordinates (MNI(x,y,z)), t-values of the
beta coefficients and the relating Brodmann-Area (BA). Contrast maps are uploaded under
https://neurovault.org/collections/IABCOPVN/.

Note: positive ESA: hits > misses contrast, negative ESA: misses > hits contrast

19



68

Encoding success activity

The ESA contrast showed the greatest positive ESA (hits > misses) (global maximum) in
the right hippocampus and the greatest negative ESA (misses > hits) (global minimum) in
the right precuneus (Figure 4 c4). For auditory items, we found the maximum positive ESA
in left auditory cortex and the maximum negative ESA in the right precuneus (Figure 4
c5). For visual items, we found the maximum positive ESA in the right visual cortex and
the maximum negative ESA in the right precuneus (Figure 4 c6). See ESA in Table 2 for
the MNI coordinates and values and Supplementary Table A.2 for all cluster specific
peaks.

Together, these maps demonstrate that positive ESA in the auditory and visual cortices is
sensory-specific while the positive ESA in hippocampus and the negative ESA in the

precuneus are sensory-unspecific.

Encoding Success Activity (ESA)

Positive ESA (hits > misses)

0 6
Negative ESA (misses > hits)

Auditory ESA Visual ESA

Positive ESA (auditory hits > auditory misses) Positive ESA (visual hits > visual misses)
|
0 6 0 6

Negative ESA (auditory misses > auditory hits) Negative ESA (visual misses > visual hits)
I
0 6 0 6

Figure 4. Brain maps of sensory-unspecific encoding success activity (ESA), assessed
through the contrasts between activity of subsequently remembered (hit) and
subsequently forgotten (miss) stimuli of the isolated encoding condition. (c4) ESA across
all conditions (auditory and visual). (c5) ESA of auditory stimuli. (c6) ESA of visual stimuli.
Brain activity is shown at a threshold of p < .05 [false discovery rate (FDR) corrected], and
the color intensity shows the tf-value. Contrast maps are uploaded under
https://neurovault.org/collections/IABCOPVN/.
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Sustained and transient activations

To clarify the patterns of sustained and transient activations, we mapped the block- and
event-related activity vs. the rest condition for each sensory condition. For sustained
(block-based) auditory activity, we found the global maxima in the right superior temporal
lobe (Figure 5 c7). For the transient (event-based) auditory activity, we found the maxima
in the left primary auditory cortex (Figure 5 c8). For sustained visual activity, we found the
maxima in the primary visual cortex (Figure 5 ¢9). Finally, for transient visual activity, we
found the maxima in the right fusiform gyrus (Figure 5 c¢10). For MNI coordinates and
values, see sustained and transient section in Table 2; and for cluster specific peak
activation, see Supplementary Table A.2. We also examined the local minima
(deactivations) of the same contrasts for which the results and images can be found in the

Supplementary Material “Sustained and transient deactivation”.

In comparison with the results from the block-only or event-only models, mixed models
show slightly different levels of activity in the regions of interest. The directionality and the
appearance of the main effects stayed the same (see Supplementary Material “Model

comparison between mixed, block- and event-only modeling”).

Auditory Activations Visual

(@)

blocks > rest (sustained)

0

@ @

events > rest (transient)

o
(2]

Figure 5. Brain maps of block-related (sustained) and event-related (transient)
activations. (c7) Auditory block vs. rest activation (pink). (c8) Auditory event vs. rest
activation (orange). (c9) Visual block vs. rest activation (pink). (c10) Visual block vs. rest
activation (orange). Brain activity is shown at a threshold of p < .05 [false discovery rate
(FDR) corrected], and the color intensity shows the f-value. Contrast maps are uploaded
under https://neurovault.org/collections/IABCOPVN/.
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Reliability analysis

ICCs for all calculated behavioral outcomes in total (hit-rate, FA-rate, and d-prime) and
separated for sensory and stimulus conditions ranged between 0.400 and 0.812, with the
highest ICC in FA-rates and the lowest in stimulus-specific d' and hit-rates. Overall, d’
showed an ICC of 0.675. Sensory-specific d'showed ICCs of 0.622 for auditory and 0.649
for visual stimuli. More detailed results are described in Supplementary Material “Analysis
of reliability”.

Smoothened voxel-wise ICC analysis for the fMRI data revealed for all contrasts stronger
reliability for regions that showed also high activation. In c1, the visual and auditory
cortices showed the highest reliability with a global peak of ICC = 0.663 in the left middle
occipital gyrus (MNIlxyz: -12, -100, -1). In c2, ICCs are lower but still showed a global
peak of ICC = 0.206 in the right auditory cortex (middle temporal gyrus, MNIx,.»): 57, -37,
5). In c3, ICC values had a similar range as in c1 with a global peak of ICC = 0.608 in the
right fusiform gyrus (MNIlxyz): 33, -49, -10). C4 showed a maximum ICC of 0.306 in the
right fusiform gyrus (MNIlxy.z): 27, -82, -13). Other local peaks of ICC in c4 are found, for
example, in the right hippocampus (ICC =0.132, MNIxyz: 15, -4, -16) and the left
parahippocampal region (ICC = 0.230, MNIlxyz): -15, -4, -19). More detailed results are
shown in the Supplementary Material “Reliability of sensory-specific and encoding

success activity”.

DISCUSSION

We demonstrate the feasibility of a parallel mixed design as an efficient strategy for
acquisition of rich fMRI data in limited time. The acquired data can give information about
sensory-specific brain activation as well as sensory-specific and sensory-unspecific
memory performance (taking the behavioral retrieval task data into account) using the key
contrasts c¢1 to c6. The additional contrasts c7 to ¢c10 show that also information on the
difference of sustained (block-based) and transient (event-based) models and resulting
activation can be obtained.
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Behavior

In the retrieval task, participants showed a hit-rate close to 50 %, which is optimal for ESA
modeling, as it ensures a balanced number of observations on each side of the contrast
(hits vs. misses). Furthermore, FA-rates were very low, which was reflected in a
conservative response bias and resulted in d' values far above chance for each stimulus
category (environmental and vocal sound, and scene and face images). The d'values far
above chance suggested that the ESA contrast is driven by memory encoding and not
guessing. Although the hit-rates were all close to 50 %, we see slight differences between
stimulus conditions (Table 1). Therefore, we cannot rule out completely that some stimulus
conditions influenced the weighting and the ESA contrasts and caused small differences
between the conditions. Due to the low number of stimuli and the between-subject
variance, we did not have sufficient observations for reliable ESA in each separate
stimulus category in this sample. If this task is applied in larger studies, there would be
also interesting contrasts to examine. For now, we focused on examining auditory ESA,
visual ESA, and (overall) ESA.

Already during task construction, we found visual memory performance to be superior for
visual scenes compared with visual faces or sounds. This was despite our initial (design)
objective to achieve balanced memory scores for each stimulus type. Given this objective,
auditory retrieval was tested before visual retrieval, so the time delay between encoding
and retrieval for visual stimuli was longer than for auditory stimuli. We enriched the
auditory experience by using various speakers for the vocal sounds and the environmental
sounds by presenting a large range of stimuli from animals to vehicles. Finally, we
degraded the visual scenes slightly by desaturating the originally bright colors of the
images.* Nevertheless, memory performance for the visual items remained superior,
especially for the scenes (Table 1). This finding replicated behavioral work that indicated
better memory performance for visual scenes than for any kind of auditory stimuli.5" In
general, visual stimuli are more often remembered and with more detail in comparison
with auditory memory, if recalled immediately.5?53 However, after a time delay, auditory
memories are more stable than visual memory.5® This may imply that it may be more
difficult to encode auditory than visual stimuli. In addition, auditory stimuli were presented

above the rhythmic scanner noise, whereas visual stimuli were presented in a dark and
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visually “quiet” environment. Although we took care to select stimuli that were distinctly
different from the scanning sounds with regard to spectral and temporal structure, we must
consider the possibility that some acoustic masking occurred. The noisy scanning
environment creates additional challenges for the auditory system on several levels of
processing, in particular for the detection of signal in noise as well as asking for greater
attentional demands and efforts. With regard to applying this paradigm in studies with a
wider age range, it must be considered that complex listening skills (such as processing
speech in noise) decline with age even when controlling for overall hearing thresholds.
Also, considering the blood oxygenation level-dependent (BOLD) effect, it is likely that the
continuous scanner noise resulted in continuously high activity in the auditory areas,
rendering it more difficult to detect more subtle effects of condition on top of this saturation
effect.>* However, we decided against presenting auditory stimuli in quiet(er) pauses
(between volumes), as such a sparse sampling paradigm would have significantly
extended the scanning time. In future developments of such paradigms, and especially in
studies including older adults, novel methodological approaches such as interleaved silent
steady state or special scanning sequences that minimize acoustic impact could be
considered [see methodological review by Peelle®].

Looking into differences between the two presentation conditions (isolation and parallel
presentation), we also observed differences in memory performance. Isolated
presentation resulted in better memory performance for both visual and auditory items.
This is consistent with the model that memory encoding is limited by a working memory
capacity®® and that it is impaired if semantically incongruent information is presented in
parallel.®> One interpretation is that divided attention between auditory and visual
information is detrimental to encoding. Note that we tested the auditory and visual retrieval
separately, and the information of the two parallel presented stimulus classes was not
congruent. There is a large body of evidence that multisensory encoding of congruent
information is beneficial for memory performance’2%” [for review, see Quak et al.%].
Therefore, depending on the scientific aim, one could adapt our paradigm and match
voices with faces and scenes with environmental sounds. By doing so, memory
performance is likely to improve at the expense of either the factorial design or a longer
acquisition period.
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Interestingly, the relative difference between isolated and parallel encoding was not the
same for auditory and visual stimuli. We found that visual memory performance declined
more under parallel conditions, while auditory encoding was less hindered. This has also
been found in a working memory study on isolated and parallel retention of auditory (vocal)
and visual (abstract objects) information.>® Together with the finding from Gloede and
Gregg®® that visual memory is more hindered by a delayed recall than auditory memory,
this suggests that auditory encoding might be more difficult but relatively robust. One
explanation for the robustness of auditory encoding over the presentation conditions might
also be related to the noisy scanner environment, creating continuously higher demands
on auditory processing during both presentation conditions, as discussed above. This
might have reduced the size of the effect of additional between-modality parallel
processing for the auditory stimuli. A second explanation could be that learning auditory
stimuli in similar detail as visual memory is more difficult and takes more attentional
effort.53 Therefore, parallel conditions that demand more attention influence auditory

information less than visual memory.

As discussed above, d' values showed that the participant’'s memory scores were far
above chance. Within the young adults, we did not find ceiling effects, and we did not find
floor effects in the older adults (see Supplementary Material “Association between age
and memory performance”). Together, this makes the task suitable for a life span study.
We also assume that our task can be performed by participants with cognitive impairment
and dementia. Sperling et al.*' showed that mild Alzheimer’s disease patients were able
to do a face-name association task in which participants had to remember which name
was associated with which face. In comparison, we had similar to even less instructions
in our encoding task, and our retrieval task was easier, as we probed recognition memory,
via old/new judgment, and not associative memory with previously seen lures. Further, for
the recognition task, the questions and the answering options were shown on the screen
for each trial. In conclusion, as long as participants are willing to be scanned for at least
10 minutes, the task should be applicable for people across all age ranges as well as

people affected by neurodegenerative diseases.
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Sensory-specific activity

Mapping of perceptive auditory and visual brain activity (Figure 3 c1) showed quite
consistent results with previous work with activity for auditory conditions in environmental
and vocal selective brain regions?6282932 gnd with activity for visual conditions in face-
and scene-selective brain regions, i.e., the fusiform face and the parahippocampal place
area.?'-233260 Response strength differences for vocal vs. environmental sound stimuli
are also consistent with previous work.?62761 This imbalance could reflect either the
properties of the auditory stimuli (spectral frequencies and temporal structure) or the
organization of the auditory system. Although we found slightly stronger responses to
scene stimuli, the contrast between face and scene stimuli was more balanced. These
more similar levels of activity might also reflect either some property of the visual stimuli

(i.e., similar discriminability) or the organization of the visual system.

From a design perspective, the relative imbalance in evoked auditory activity is
suboptimal. We mostly used stimuli from previous experiments to replicate known activity
patterns by using the parallel mixed design.?84144 The application of two different stimulus
conditions for visual and auditory senses allowed a detailed examination of the sensory
cortices, and it enabled us to use the task also in people with possible or known problems
in parts of the sensory cortices. If, for example, a person has face recognition dysfunction,
data from the visual scene stimuli can still be used. As we aim to make this task suitable
for large-scale population-based studies, which mostly examine people of different ages
and health states, it can give usable and comparable information on a wide range of

sensory and memory functions.

Encoding success activity

The ESA maps demonstrated that the auditory cortex and visual cortex showed sensory-
specific ESA (Figure 4). In contrast, the hippocampus and a subset of default network
structures —including the precuneus and angular gyrus— showed ESA across both
sensory domains. These results suggest that sensory-independent, or multimodal, brain
regions form a core memory network.6?%5 The precuneus showed negative ESA,
consistent with previous findings on task-induced deactivation in the default network.55-6°
Especially negative ESA seems to be altered under the influence of early Alzheimer’s
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disease pathology.”®"2 Although hit-rates for visual stimuli and especially for scene stimuli
were slightly higher and might have resulted in an unbalanced weighting (compare
Discussion - Behavior section), the consistency with previous results demonstrates that
small differences in the weighting did not influence results strongly. Therefore, our
paradigm might be an efficient alternative for clinical and population studies that are
interested in the functional responses of the memory system. Further, the encoding of
both auditory and visual information allows investigators to disentangle factors that
influence sensory-specific responses vs. alterations to the core memory system. One idea
could be that age-related hearing loss is likely to affect auditory ESA, glaucoma in the
retina is likely to affect visual ESA, and Alzheimer’'s pathology might target ESA in the
core memory system. Our task is properly designed to disentangle these peripheral

changes in sensory systems from alterations to the core memory network.

Sustained and transient (de)activations

The activation maps (task > rest) between sustained and transient activities show largely
an overlap between activated regions indicating that sustained and transient activations
co-occur simultaneously in sensory cortices.3”-38 However, deactivation maps (rest > task)
show no overlap (Supplementary Figure A.2). Hence, we did not find any brain region
—within or outside of the default network— that simultaneously showed sustained and
transient deactivations. The lack of overlap between sustained and transient deactivations
is not easily explained by overfitting or competition within the mixed model, as we did find
overlap between sustained and transient activities. This is also confirmed by our
comparisons of parallel mixed model with the block-only and event-only models
(Supplementary Figure A.3). We also found that the majority of brain regions showed
transient and not sustained deactivations. We interpret these findings in terms of task-
intrusive and spontaneous thoughts.”#7¢ Task-induced deactivations are modulated by
task demands’’ consistent with transient deactivation in response to the task. This would
mean that the higher the task demands, the more deactivation will occur. The relative lack
of brain regions that showed sustained deactivation suggests that a stable pattern of
reduced activity is very rare, whereas event modeling gives more information about

deactivation. This finding is also consistent with other mixed design studies that suggested
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mean activity is a relatively poor predictor of task performance’ because it disregards
differences between stimuli and easily overestimates outlier. Finally, it is also possible that
task-induced deactivations are modulated by, but not very tightly coupled to, stimulus
onset. This would hinder the separation of sustained and transient deactivation. This last
explanation is consistent with spontaneous thoughts (e.g., on the task instruction or other
distractions coming from the situation in the scanner) that are partially restricted by the
cognitive demands but not tightly coupled to stimulus onset.

Reliability

As we did not have data to conduct a test-retest reliability across the complete task, we
estimated the task reliability using the second task session as the retest session. ICC
analysis for the behavioral overall and sensory-specific data according to Koo and Li"®
showed moderate-to-good reliability. Stimulus-specific ICCs were slightly lower. However,
the two task sessions were not identical, as the order of blocks was different and new
stimuli of the same conditions were presented. Therefore, we expect to have
underestimated the actual ICC values, and we consider the obtained values to be quite
plausible. The poor-to-moderate reliability values in the stimulus conditions confirmed our
decision to exclude the separate stimulus conditions from ESA analyses. Overall, the
moderate-to-good behavioral reliability permits the application of this task as an fMRI

paradigm.

Voxel-wise ICC analysis for fMRI data smoothed on group-level shows in general lower
ICC values than the behavioral data. These values are similar to those of other studies
that reported low or very heterogeneous ICC values for fMRI tasks.'38-82 fMRI reliability
is influenced by many factors, including scanner noise, physiological noise, cognitive
factors and processes, sample size, sample characteristics, and task characteristics.8%:83
We observed in most contrasts high ICC values in regions showing high activity
(especially visual and, more specifically, in scene-related areas). This is not completely
unexpected, as high fMRI activity can reduce the influence of errors, which results in a
decreased within-participant variation, which then leads to an increase in ICC values.808'
However, we observed also in some highly activated regions a fairly low ICC (e.g.
hippocampus, precuneus, or superior temporal gyrus). This could be a property of the
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regions showing a greater variability in the hemodynamic response. In this case, low ICC
represents a low congruence between the two halves of activity of the task within
participants, although activation was commonly observed over the complete task. Still, we
consider our reliability estimates as quite realistic and conclude that even with the parallel
presentation, the reliability in comparison with other fMRI studies is not reduced.

LIMITATIONS

Parallel mixed block/event-related fMRI designs measure transient and sustained
information within a single, time-efficient paradigm that includes a large number of stimuli.
However, this makes mixed designs very complex, and regressors are always affected by
both events and blocks. Especially, events are always modeled on a changing baseline.
This can make it difficult to interpret the comparison between transient and sustained

effects.

Our study was sufficiently powered to calculate sensory-specific and overall ESA.
However, we were not able to calculate stimulus-specific ESA within our sample. In the
current study, we only included behavioral results from a small sample of older
participants. Although their memory performance was slightly worse than that of
participants in our younger sample, the hit-rates were close to 50 %. Therefore, we would

expect this task to be also applicable in older populations as well.

Finally, we would like to mention that we were able to estimate low-to-moderate reliability
using a split-half reliability. These estimates are comparable with those of other fMRI
tasks, but reliability should be kept in mind especially when analyzing smaller sample

sizes.83-85

CONCLUSIONS AND OUTLOOK

The presented parallel mixed design task paradigm enables efficient mapping of a
versatile number of contrasts in limited time, making it attractive to acquire task-evoked
fMRI in an epidemiological context for large-scale studies. The ability to map sensory
activity as well as sensory-specific and unspecific ESA, and the ability to separate
sustained and transient activities, can provide new insights into the dynamics of fMRI
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across the life span.3886 Currently, it remains unclear how multiple modifiable factors like
lifestyle, education, or blood pressure, together with non-modifiable factors, like APOE
status or gender, determine the brain’s functional responses over age and to pathology.
Only large-scale population studies that possess sufficient power to dissociate these
factors can provide answers to these questions.

Besides these relevant questions, we would like to encourage future studies using the
task to evaluate between-scanner reliability and to explore intra-individual variability in
more depth. As the task is easily applicable, it does not require special scanning
parameters and shows quite strong activation in the relevant brain regions relating to the
main functions, we would not assume a huge loss of information if the data were collected
with different scanners. As mentioned, the task requires only ten minutes of fMRI scanning
time. However, for generating ESA contrasts, an additional 10 to 19 minutes of (post-scan)
recognition task needs to be performed. For many large-scale population studies, the
limiting factor is the fMRI scanning time. The additional recognition task can be performed
during other structural scans, which makes it user-friendly and cost-efficient. Previously,
we demonstrated that the scan quality was not affected, or even benefitted, from
performing a task inside the MRI.8 In case no other scans are needed, it is also possible
to perform the recognition task outside the scanner, as long as the delay is constant for
all participants.
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3.3 Cognitive examinations in the Rhineland Study

TEST SELECTION, DESCRIPTION, AND IMPLEMENTATION

Cognitive functions are subdivided into a large number of domains." Performance in most
of these domains typically decreases with advancing age.? In the Rhineland Study, we
therefore noted episodic verbal memory, working memory, executive functions, and
processing speed as the domains in which declines in performance over age were
expected. When used in conjunction with age-standardized norms, performance in the
domains assist in identifying and marking the progression of neurodegeneration. We also
included a measure of crystallized intelligence, performance in which is resilient even in
the presence of neurodegeneration, to estimate the participants premorbid cognitive
ability.2

Several factors influenced neuropsychological test selection in the Rhineland Study. We
selected tests that are suited for use in prospective cohort studies, given short
examination times, rich data yields, and applicability to a wide age range. Moreover, we
included tests that relied upon different sensory stimuli and motor responses to maximize
the inclusion of participants with impairments. To maintain motivation and reduce possible
feelings of failure, we also prioritized tasks that used adaptive testing, whereby
participants do not know the maximum possible performance. We preferred tests that are
well-studied and with published psychometric validity, so that our measurements would
be comparable to other studies and psychometrically sound. Finally, where possible, we
measured each domain with multiple tests so that composite domain scores were not

affected by specific task-related factors unrelated to that domain.

In the final cognitive test battery, we included eight cognitive tests (Table 1). To assess
episodic verbal memory, we used sum of trials 1 to 5 and the delayed recall performance
of our version of Rey’s Auditory Verbal Learing Test (AVLT).3* Working memory was
assessed using forward and backward span of a digit span task and a Corsi block-tapping
test.®> Executive function was assessed using time to complete a Trail-making Test (TMT)
B, number of words produced in a word fluency task (animals), and error rate in an eye-
tracking antisaccade task.® Processing speed was assessed using time to complete a
TMT A and mean saccade latency of an eye-tracking prosaccade task.® Finally, number
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of correctly recognized words in the Mehrfachwahl-Wortschatz Intelligenztest (MWT-B;
Multiple choice vocabulary test)” was included to assess crystallized intelligence. All tests
are commonly used, except for those involving eye-tracking. We included eye-tracking
tasks as they require little instructions and are culturally independent (e.g. they do not rely
upon language knowledge or culture-specific education). In addition, control of eye

movements is impaired in several neurodegenerative diseases.®

Table 1. Cognitive test scores included in the composite domain scores.

Cognitive

domain Test scores Range
Episodic verbal AVLT — sum trials 1 to 5 (sum of recalls 1 to 5) 0-75 words
memory AVLT — time delayed recall (No. of recall 7) 0-15 words
Working memory  Digit span forward (max. span) 3-9 digits
Digit span backward (max. span) 2-9 digits
Corsi block-tapping span forward (max. span) 2-9 blocks

Corsi block-tapping span backward (max. span) 2-9 blocks
Executive function Word fluency (No. of distinct animals named in one 0-« words

minute)

TMT B (time to completion) 0-301 sec

Error rate of antisaccade task 0-100 %
Processing speed TMT A (time to completion) 0-301 sec

Mean saccade latency of prosaccade task 0- ms
Crystallized MWT-B (No. of correctly recognized words) 0-37 words

intelligence

Abbreviations: sec: seconds; AVLT: Rey’s Auditory Verbal Learning Test; TMT: Trail-
making Test; MWT-B: Mehrfachwahl-Wortschatz Intelligenztest/Multiple choice
vocabulary test

All tests were adapted for computer-based testing to reduce manual post-processing and
attain data on test performance, duration, and error types. Examinations are administered
by trained and certified study technicians using standardized operating procedures.
Responses to self-administered tests were recorded using a touchscreen, and supervised
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training prior to the main task ensured proper understanding. Interview-based responses

were recorded by study assistants and immediately entered into the database.

Participants began the cognitive assessment phase with the AVLT. As it is interview-
based (details described in the introduction and Chapter 3.1), study assistants recorded
the words participants recalled using a computer with word-completion aids to increase
writing speed and correctness. In the period leading up to the delayed recall of the AVLT
(20-30 minutes), participants completed non-verbal tasks (eye-tracker, Corsi block-
tapping test, TMT).

The protocol for the eye-tracker tasks is described in detail in Coors et al. (2021). Briefly,
the prosaccade task is a standard horizontal “step” task in which participants are asked to
follow a stimulus as closely as possible with their eyes (no head motion). Each trial
involved the stimulus jumping from the center of the monitor to either the right or the left.
In the antisaccade task, participants are instructed to look at the stimulus when it is in the
central position, but when it jumps to the periphery, they have to look at the opposite

position (mirror image).

The Corsi block-tapping test® is self-administered on the tablet. Nine blocks are displayed
in the tablet and a sequence is given by blocks changing color one at a time. Immediately
following the completion of a sequence, participants attempt to repeat the sequence by
tapping the blocks in the same order (forward condition) or in the reverse order (backward
condition). Should participants perform one of two trials correctly, the length of sequence
in the next trial increases. The test ends when an error is made in the sequence of a given

length twice.

The TMT (versions A and B) is also self-administered on a touchscreen computer, similar
to the version in the PEBL test battery.'® Participants connect 24 randomly scattered digits
(TMT A) or 24 randomly scattered digits and letters (TMT B) as quickly as possible by
tapping them in order. Items are connected by lines when a correct digit or letter is tapped,
analogous to the original paper-pencil test.'" If participants do not complete a TMT trial
within 301 seconds, the test ends.

Participants also self-administer the MWT-B.” To ensure task comprehension, the study
assistant observes performance on the first trial and participants perform the rest of the
test independently. On each trial, five words (one existing German word and four fictional
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words) are presented side by side, and after participants are asked to select the sole real
word. When participants select a word or skip the trial, the next row of words appears.

In the animal word fluency task, participants name as many animals as possible within

one minute. Answers are audio-recorded for later manual evaluation.

Finally, participants perform a digit span task in which participants are read numerical
sequences with an increasing number of digits by study assistants. Participants must then
repeat the sequence in the same order (forward task) or in the reverse order (backward
task). The task ends if a sequence is not recalled correctly twice.

DATA CLEANING

Using R'? and RStudio'3, test performance is first visually inspected by the responsible
scientist and interpreted with regard to notes on test administration recorded by study
assistants (in cases of deviations from standard operating procedures or participant
behavior possibly impacting performance). Next, data are checked with respect to
Rhineland Study sample performance using an outlier labeling rule (interquartile range
multiplier factor of 2.2). Given the age-related nature of cognitive test performance, the
outlier labeling rule is applied separately within 10-year age bands. Identified outliers are
removed only if further examination of study assistant comments and other cognitive

examination results strongly suggest a technical or assessment error.

For the Corsi block-tapping test, performance data were removed if a participant recorded
a span less than two, given unlikely score reliability. In these instances, technical issues
or problems in the handling of the tablet are assumed. Similarly, data were also removed
from the Corsi block-tapping forward test when a participant’s backward span was more
than four, but their forward span was only two.

For reliability reasons, performance data were removed from eye-tracking prosaccade or
antisaccade if a participant recorded fewer than seven valid trials. For the antisaccade
task, data were additionally removed if participants had more than four errors and zero
corrections, as we assume that the task was not correctly understood.
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DATA POST-PROCESSING

R'2 and RStudio’ were also used for post-processing of the raw test results, but most
single test results did not require detailed post-processing. For the digit span and the Corsi
block-tapping test, the longest sequence correctly recalled represented each participant’s
span number and was used as the main outcomes of those tasks. For MWT-B, the sum
of all trials correctly answered was the main outcome. For TMT A and B, the time to

completion was used as main outcomes.

Manual post processing was necessary in the word fluency test and the AVLT. For the
word fluency test, we first created two transcriptions of each audio-file. Manual review was
undertaken in cases where the two transcriptions did not match exactly. Typing errors
were corrected using a table that matched each error to the correct animal/word. Using
another table, the responses were classified as animals or errors. These two tables are
updated with each word that is not listed in either the correction table or the classification

table. For its main outcome, the total number of correct animals was used.

The AVLT used a similar system like that implemented for the word fluency test. There
was a list of the learned words and a table in which all remaining words that participants
named were listed. Each new word was checked manually, typing errors were corrected,
and the words were added to the table. Then, a number of variables were created which

are described in detail in Chapter 3.1.

The analysis of eye-tracking data required significant post-processing, which is described
in detail elsewhere (Coors et al., 2021).6

To summarize the single cognitive test scores as domain scores (Table 1, Figure 1), we
first adjusted cognitive tests with skewed distributions (TMT A, TMT B, and mean latency
of the prosaccade task) using log1o transformations. Second, we reversed TMT A and B
time, mean latency of the prosaccade, and the error rate of the antisaccade task, so that
higher values represented better performance for all cognitive tests. Third, we z-
standardized each cognitive test variable against the sample mean and standard
deviation. Participants who did not report German as their first language or who were
severely cognitively impaired due to traumatic brain injury or other non-age-related
disease did not contribute to the mean and standard deviation statistics. However, z-
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scores were still calculated for these participants based on the mean and standard
deviation of the contributing sample.

For the fluid cognitive domains (executive function, processing speed, working memory
and episodic verbal memory), individual contributing standardized scores were averaged
to obtain composite domain z-scores. Crystallized intelligence was represented only by
the MWT-B z-score (Table 1, Figure 1). Higher-order composite scores for total memory
and global cognitive functions were further averaged from the contributing domain scores.
Participants had to have valid scores on at least 50 % of the individual tests that
contributed to a domain for a composite domain score to be calculated. For the higher
order composite scores (total memory, global cognitive function), participants were
required to have composite domain scores for each included fluid domain.

Total Global cognition Crystallized
memory (Fluid) Intelligence
E\;;:g::c Working Executive Processing
Memory Function Speed
Memory | .

Pro- Mehrfach-

Word saccades |l \yahl-Wort-
Fluency schatz-

Test Anti- Intelligenz-

Auditory
Verbal

Corsi

Block-

tapping
Test

Learning &
Memory
Test

Digit Span

saccades test

Eye, tree, bag l 2,4,6,5 I

Figure 1. Cognitive test battery and cognitive domain scores of the Rhineland Study.
Mehrfachwahl-Wortschatz Intelligenztest: Multiple choice vocabulary test.?

2 Figure originally created by Natascha Merten and Meta Miriam Bonniger, first published in Merten, N. The
Auditory System and lts Relation to Cognitive Function in the Process of Aging [PhD thesis]. Bonn,
Germany: Faculty of Medicine University of Bonn; 2019. Further modified by Meta Miriam B&nniger.
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ABSTRACT

Objective: To quantify the associations of peripapillary retinal nerve fiber layer (pRNFL)
thickness and macular ganglion cell layer (mGCL) volume with cognitive functioning and
to investigate how demographic and vascular health factors affect these associations in a
population-based sample of adults.

Methods: The sample included the first 3,000 participants (age range 30-95 years) of the
Rhineland Study (recruited from March 2016 to December 2018) who underwent spectral-
domain optical coherence tomography and cognitive assessment at one of two identical
study centers in Bonn, Germany. We used multiple linear regression models to examine
the relationships between retinal layer measurements and cognitive functioning after
adjustment for confounders, and we examined the moderating effects of demographic and
vascular health factors.

Results: The analytical sample included 2,483 participants who were 54.3 years old (SD
13.8 years) on average. After full adjustment, each 1-SD decrease in mGCL volume was
associated with a greater decrease in global function than that of pRNFL thickness
(B =-0.048, 95 % confidence interval (CI) [-0.077, -0.018] vs 8 = -0.021, 95 % CI [-0.049,
0.007]). These relationships increased in strength with advancing age, were stronger in
participants with hypertension, and were reversed in current smokers relative to

nonsmokers.

Conclusions: mGCL volume is more strongly related to adult cognitive functioning than
pRNFL thickness, making it a better potential biomarker of neurodegeneration. Age and
vascular health factors play important roles in determining the strength and direction of
this association.
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INTRODUCTION

Thinning of the retinal nerve fiber layer (RNFL) and the ganglion cell layer (GCL) of the
retina, assessed by optical coherence tomography (OCT), is a purported biomarker of
neurodegeneration.! Thinner RNFL and GCL have been associated with smaller brain
volumes? and an increased risk of cognitive decline and dementia.3# In cross-sectional
analyses of healthy individuals, thinner RNFL has been associated with worse cognitive

functioning in multiple cognitive domains.5®

It is likely that a multitude of factors affect how closely the condition of the retina reflects
level of brain function. Due to retinal changes occurring in accordance with the
development of brain neurodegenerative processes,’ retinal measurements may be better
indicators of cognitive functioning in later than in earlier adulthood. In addition, vascular
health factors such as hypertension, smoking, diabetes mellitus, and stroke may also
affect the retina-brain relationship because they are important determinants of both retinal
thickness’ and later-life dementia risk.2 Despite this, these probable moderating effects,
which may affect the validity of using OCT as a biomarker of brain status, remain largely

untested.

In this study, we sought to investigate how closely measurements of retinal structures by
spectral-domain OCT (SD-OCT) reflect level of cognitive functioning and to identify factors
that affect these relationships. Specifically, our first aim was to determine the degree to
which thinner peripapillary RNFL (pRNFL) thickness and less macular GCL (mGCL)
volume are associated with worse cognitive functioning. Our second aim was to determine
how age, sex, hypertension, smoking, diabetes mellitus, and stroke influence these
relationships.

METHOD
Participants

The data used for this investigation were obtained from the first 3,000 participants of the
Rhineland Study (age range 30-95 years). The Rhineland Study is a population-based
prospective cohort study of community-dwelling individuals and is focused predominantly
on generating new knowledge of causes, biomarkers, and pathophysiology of age-related
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neurodegenerative conditions. Participants in the Rhineland Study are selectively
recruited from two municipal districts in Bonn, Germany, and are primarily white of
European descent. Those in the current study were recruited progressively from March
2016 to December 2018. At baseline and at each planned follow-up visit, participants
complete an 8-hour in-depth multidomain phenotypic assessment of anthropometry,
physical activity and fitness, cardiovascular health, brain imaging, cognitive testing,
neurologic functioning, ophthalmologic health and functioning, and other sensory

systems. No financial incentives were offered for study participation.

Of the initial 3,000 participants, a total of 410 participants were removed from the analyzed
sample due to predetermined exclusion criteria: 207 individuals did not speak German as
a first language, which reduced the validity of their cognitive test data; 94 individuals had
a diagnosis of macular degeneration; 91 individuals had a diagnosis of glaucoma; 13
individuals had a diagnosis of retinopathy; 4 individuals had a diagnosis of dementia; and
1 individual had incurred a severe traumatic brain injury. Participants with missing data
from the OCT (n = 62) or the cognitive testing (n = 37) were also excluded. An additional
8 individuals were removed due to age-specific outlying OCT or cognitive testing data,
which were identified with the application of an outlier-labeling rule® with an interquartile
range multiplier of 3.0. The final analyzed sample comprised 2,483 participants.

Standard protocol approvals, registrations, and patient consents

Approval to undertake the study using humans was obtained from the ethics committee
of the University of Bonn, Medical Faculty. The study was carried out in accordance with
the recommendations of the International Council for Harmonization Good Clinical
Practice standards. We obtained written informed consent from all participants in

accordance with the Declaration of Helsinki.

Assessment of cognitive functioning

Participants completed a 50-minute cognitive test battery that assessed 5 core cognitive
domains across multiple modalities. Executive function was assessed with a verbal

fluency test (total number of animals named in 60 seconds), Trail-Making Test Part B (time
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to completion), and an eye-tracker antisaccade task (percentage of erroneous
prosaccades). Processing speed was assessed with Trail-Making Test Part A (time to
completion) and an eye-tracker prosaccade task (mean latency). Working memory was
assessed with a Corsi block tapping test (sum of forward and backward span) and a digit
span test (sum of forward and backward span). Verbal episodic memory was assessed
with two components of a verbal learning and memory test (immediate recall trials 1-5
total, delayed recall). Crystallized intelligence was assessed with a multiple-choice
vocabulary intelligence test (total real words correctly identified). All tests were
administered in German by trained study technicians according to standardized protocols.
The scores of cognitive tests with skewed distributions were adjusted with log
transformations, and some cognitive test scores were inverted so that higher scores

represented better performance.

Ophthalmologic assessment

We measured retinal layers using a Spectralis SD-OCT (Heidelberg Engineering,
Heidelberg, Germany) and previously described automated segmentation algorithms.® In
short, assessment of them GCL volume was based on a 20° x 20° volume scan (97
horizontal B scans with 20 automatic real time frames), and data were extracted with the
Heidelberg Eye Explorer software. mGCL volumes were adjusted for the number of scans
before use in statistical analyses. pRNFL thickness was measured with a 3.5 mm circular
scan around the optic nerve head, the positioning of which was based on each individual’s
anatomy using the Anatomical Positioning System.!" This measure of global pRNFL was
created from averaging up to 100 B scans and is representative of the six sectors
surrounding the optic nerve head.” We measured pRNFL in units of thickness
(micrometers) with a circular scan and mGCL in units of volume (cubic millimeters) with a
volume scan because these are standard methods in both routine clinical and research
settings.'>'3 In the absence of contraindications, participants were dilated for imaging with
the standard mydriatic agents tropicamide and phenylephrine. Refraction and best-
corrected visual acuity were measured with an automated refractometer (Ark-1s, NIDEK
Co, Tokyo, Japan). Spherical equivalent was calculated as the spherical value and half of

the cylindrical value. Diagnoses of glaucoma, macular degeneration, and retinopathy were
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collected by self-report during a medical interview. If available, the ophthalmologic data
for the right eye were used for each individual. In the absence of valid data for the right
eye, data from the participant’s left eye were used.

Assessment of covariates

Participants completed a range of questionnaires that took on both structured interview
and self-administered forms. Highest education level was determined with the
International Standard Classification of Education 2011 and was coded as low (lower
secondary education or below), middle (upper secondary education to undergraduate
university level), and high (postgraduate university study). Whether participants had
received a diagnosis of dementia or had a history of stroke was determined during a
medical interview, and smoking status (current smoker, nonsmoker), age, and sex were
determined via self-report. Prevalent hypertension was defined as current
antihypertension medication use or by mean systolic blood pressure 2140 mmHg or mean
diastolic blood pressure =290 mmHg. Prevalent diabetes mellitus was determined by
current antidiabetic medication use, hemoglobin Ai.26.5 %, or fasting glucose
>126 mg/dL (7.0 mmol/L).

Statistical analysis

Within the analytical sample, we first calculated standardized scores for each individual
cognitive test and each retinal layer measurement. All other continuous variables were
mean centered. Cognitive test z-scores were then averaged to produce domain scores of
fluid cognitive abilities (executive function, processing speed, working memory, verbal
episodic memory); the single multiple-choice vocabulary intelligence test z-score was
used to represent crystallized intelligence. The fluid cognitive domain scores were then
averaged to produce a measure of global function. Global function was our main outcome
variable; individual cognitive subdomains were examined to understand the basis of any
global function association. We used separate multiple linear regression models to
quantify the change in cognitive functioning z-score per 1-SD decrease in either pRNFL
thickness or mGCL volume, with the uncertainty of the estimate represented through 95 %
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confidence intervals (Cls). Age, sex, education, estimated refractive error (spherical
equivalent), best-corrected visual acuity, smoking status, hypertension, diabetes mellitus,
and history of stroke were included as covariates in all statistical models on the basis of
possibly confounding the relationship between retinal layer measurement and cognitive

functioning.

We first determined the age-adjusted and full-adjusted associations of each retinal layer
measurement with cognitive functioning across the entire analytical sample. Next, we
examined whether the association of retinal layer measurement and cognitive functioning
differed between prespecified subgroups by including interaction terms in separate full-
adjusted models. On the basis of a recent meta-analysis of the systematic determinants
of pRNFL thickness’ (mGCL volume was not assessed), subgroups of interest included
sex (men, women), history of hypertension (yes, no), smoking status (current smoker,
nonsmoker), and history of stroke (yes, no). Diabetes mellitus (yes, no), which is another
major vascular risk factor, was also evaluated. In addition, due to the importance of
educational level with regard to risk of cognitive impairment and dementia,® we coded a
bivariate education-level variable (low: lower secondary education or below and upper
secondary education to undergraduate university level; high: postgraduate university
study) for use in interaction models. Associations of retinal layer measurements and
cognitive functioning for each subgroup were determined using the intercept and
interaction term coefficient from within each model, and no stratified models were
computed. Finally, to quantify the degree to which the associations of retinal layer
measurements and cognitive functioning changed across the adult lifespan, we added
interaction terms of age and retinal layer to full-adjusted models. To clarify the basis of
any retinal layer by age interaction, the full-adjusted associations of retinal layer
measurements and cognitive functioning were then calculated within each age group
(30-39, 40-49, 50-59, 60-69, 70-79, 80-94 years) separately.

We used the Hmisc R package version 4.1-1" to impute missing covariate data (predictive
mean matching, 15 imputations). Covariate data were missing with respect to estimated
refractive error (n =8, 0.3 %), education (n =15, 0.6 %), best-corrected visual acuity
(n=7,0.3 %), hypertension (n = 44, 1.8 %), smoking status (n = 15, 0.6 %), and diabetes
mellitus (n = 63, 2.5 %). Both adding an age? covariate in each linear model and fitting
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generalized additive models with smoothed terms were investigated but discarded on the
basis of parsimony and not affecting the interpretation of findings. All statistical analyses
were undertaken with an a level of 0.05 using R version 3.3.1 (R Foundation for Statistical

Computing, Vienna, Austria)."

Data availability

The datasets for this manuscript are not publicly available because of data protection
regulations. Access to data can be provided to scientists in accordance with the Rhineland
Study’s Data Use and Access Policy. Requests for information or to access the datasets
should be directed to RS-DUAC@dzne.de.

RESULTS
Demographics

The characteristics of the final analyzed sample of 2,483 individuals are presented in
Table 1. Age ranged from 30 to 94 years, and the sample was highly educated. Included
participants were younger (p < .001) and more educated (p < .001) than those who were
excluded. No differences between the included and excluded participants existed after
adjustment for age in the proportion of men/women, smoking status, hypertension,
diabetes mellitus, or history of stroke. On average, the analyzed sample had a pRNFL
thickness of 100.0 um (SD = 10.8 ym) and an mGCL volume of 1.1 mm?3 (SD = 0.1 mm?3).
Participants tended to be more myopic than hyperopic (spherical equivalent, M = -0.6,
SD = 2.5), and vision was normal (best-corrected visual acuity, M = 1.1, SD = 0.2). The
thickness of the pRNFL was positively correlated with the volume of the mGCL (r = 0.68).
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Excluded participants

Analyzed sample

Characteristic (n=517) (n = 2,483)
Age, years

Mean (SD) 60.0 (16.1) 54.3 (13.8)

Range 30-95 30-94
Sex, n (%)

Women 294 (57) 1,400 (56)

Men 223 (43) 1,083 (44)
Education level, n (%)

High (ISCED-11: 7-8) 239 (48) 1,342 (54)

Middle (ISCED-11: 3-6) 233 (47) 1,089 (44)

Low (ISCED-11: 0-2) 29 (6) 37 (1)
Smoking status, n (%)

Non-smoker 437 (86) 2,141 (87)

Current smoker 74 (14) 327 (13)
Prevalent hypertension, n (%)

No 257 (51) 1,516 (62)

Yes 249 (49) 923 (38)
Prevalent diabetes, n (%)

No 462 (92) 2,307 (95)

Yes 42 (8) 113 (5)
History of stroke, n (%)

No 498 (96) 2,410 (97)

Yes 19 (4) 73 (3)

Abbreviation: ISCED = International Standard Classification of Education. Prevalent
hypertension was defined by either current antihypertension medication use or by
mean systolic blood pressure =140 mmHg and mean diastolic blood pressure
=90 mmHg. Prevalent diabetes was determined by current antidiabetic medication

use, hemoglobin Aic 26.5 or fasting glucose 2126 mg/dL (7.0 mmol/L).



107

Associations of retinal layer measurements and cognitive functioning

We observed multiple relationships between retinal layer measurements and performance
in different cognitive domains across the whole sample, with thinner retinal layers most
commonly associated with worse cognitive functioning. The standardized associations of
retinal layer measurements and cognitive functioning, adjusted for age and for age, sex,
education, estimated refractive error (spherical equivalent), best corrected visual acuity,
smoking status, hypertension, diabetes mellitus, and history of stroke, are presented in
Figure 1. Each 1-SD decrease in mGCL volume was associated with significantly worse
global function after adjustment for age and full adjustment. For the cognitive subdomains,
significant full-adjusted associations were present between less mGCL volume and worse
processing speed, as well as worse verbal episodic memory. Associations of pRNFL
thickness with cognitive functioning were in the same direction as those of mGCL volume
but were weaker and not statistically significant when fully adjusted for potential

confounders.

Interactions among retinal layer measurements, demographic and vascular health

factors, and cognitive functioning

We next examined whether the associations of pRNFL thickness and mGCL volume with
cognitive functioning differed by key demographic and vascular health factors. The
standardized associations of retinal layer measurements and global function, stratified by
subgroup and presented alongside the significance test for the associated retinal
layer x subgroup interaction term, are given in Table 2. We observed significant
moderating effects of smoking status and hypertension on the relationships between
retinal layer measurements and global function. For smoking status, the expected
relationship of less mGCL volume and thinner pRNFL thickness with worse global function
was observed in nonsmokers, but the opposite relationship was observed in smokers. In
smokers, thinner retinal layers were associated with better global function. For
hypertension, less mGCL volume was more strongly associated with worse global function
in those with hypertension than in those without hypertension. A similar but weaker and
not statistically significant interaction was observed for pPRNFL thickness. For the cognitive
subdomains and in the same direction as global function, smoking status significantly
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moderated the relationships of both pRNFL thickness and mGCL volume with executive
function and verbal episodic memory. The presence of hypertension significantly
strengthened the relationship between mGCL volume and executive function, and the
presence of diabetes mellitus significantly strengthened the relationship between pRNFL
thickness and working memory. The associations of retinal layer measurements and
cognitive functioning were not significantly different between subgroups for any other
cognitive subdomain, and sex, education level, and stroke did not significantly affect any

relationship.

Thinner pRNFL

—a&— Less mGCL
———  Adjusted forage — —— Adjusted for all covariates ———
Std. B (95% Cl) Std. B (95% Cl)
-0.020 (-0.048, 0.009) Global -0.021 (-0.049, 0.007)
-0.042 (-0.072, -0.013) — A function |4 -0.048 (-0.077, -0.018)
0.001 (-0.033, 0.034) Executive -0.011 (-0.045, 0.022)
-0.019 (-0.055, 0.017) A function A -0.030 (-0.066, 0.006)
-0.037 (-0.067, -0.006) Processing -0.027 (-0.058, 0.004)
-0.060 (-0.093, -0.028) £ speed . -0.050 (-0.083, -0.017)
-0.009 (-0.044, 0.027) Working -0.023 (-0.058, 0.012)
-0.028 (-0.065, 0.010) A memory A -0.030 (-0.067, 0.007)
Verbal
-0.014 (-0.049, 0.020) episodic -0.006 (-0.039, 0.027)
-0.024 (-0.060, 0.012) A memory —h— -0.037 (-0.072, -0.002)
0.019 (-0.019, 0.058) Crystallized -0.006 (-0.043, 0.031)
0.016 (-0.024, 0.057) A intelligence A -0.013 (-0.053, 0.026)
-0.08 -0.04  0.00 0.04 -0.08 -0.04  0.00 0.04
Standardized beta Standardized beta

Figure 1. Standardized associations of pRNFL thickness (yellow) and mGCL volume
(green) with cognitive functioning. Values represent the mean change in cognitive
domain z-score per 1-SD decrease in retinal layer measurement (n = 2,483). Covariates
included age, sex, education, estimated refractive error (spherical equivalent), best-
corrected visual acuity, smoking status, hypertension, diabetes mellitus, and history of
stroke. Cl = confidence interval; mGCL = macular ganglion cell layer; pRNFL =
peripapillary retinal nerve fiber layer.



Table 2. Standardized associations of retinal layer measurements and global function by subgroup

pRNFL thickness mGCL volume
Subgroup n Interaction Interaction
B value (95 % CI) p value B value (95 % CI) p value
Sex
Women 1400 -0.035 (-0.072, 0.002) -0.056 (-0.094, -0.017)
245 489
Men 1083 -0.003 (-0.057, 0.051) -0.037 (-0.090, 0.017)
Education level
High 1357 -0.015 (-0.052, 0.021) -0.042 (-0.082, -0.003)
.669 .746
Low 1126 -0.027 (-0.081, 0.027) -0.051 (-0.105, 0.002)
Smoking status
Non-smoker 2141 -0.038 (-0.067, -0.008) -0.066 (-0.097, -0.035)
.002 <.001
Current smoker 327 0.087 (0.009, 0.165) 0.080 (0.000, 0.160)
Hypertension
No 1516 -0.009 (-0.045, 0.026) -0.018 (-0.056, 0.020)
329 .019
Yes 923 -0.037 (-0.091, 0.018) -0.084 (-0.140, -0.029)

601



Continuation Table 2

pRNFL thickness mGCL volume
Subgroup n Interaction Interaction
B value (95 % CI) p value B value (95 % CI) p value
Diabetes mellitus
No 2307 -0.015 (-0.044, 0.013) -0.042 (-0.072, -0.011)
.108 .209
Yes 113 -0.112 (-0.230, 0.006) -0.112 (-0.220, -0.003)
Stroke
No 2410 -0.015(-0.044, 0.013) -0.043 (-0.073, -0.013)
.065 126
Yes 73 -0.153 (-0.299, -0.007) -0.158 (-0.305, -0.011)

Abbreviations: Cl = confidence interval; mGCL = macular ganglion cell layer; pRNFL = peripapillary retinal
nerve fiber layer. Values represent the change in global function z-score (95 % CI) per 1-SD decrease in
pPRNFL thickness or mGCL volume. Subgroup associations were calculated from models that included
interaction terms of factor x retinal layer measurement, and were adjusted for age, sex, education,
estimated refractive error (spherical equivalent), best-corrected visual acuity, smoking status, hypertension,

diabetes mellitus and history of stroke.

0]%°
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Interactions among age, retinal layer measurements, and cognitive functioning

When age by retinal layer interaction terms were added to the full-adjusted models, we
found that each additional year of age was associated with an increase in the strength of
association between less mGCL volume and thinner pRNFL thickness and worse global
function (8 =-0.003, 95 % CI [-0.005, -0.001], p =.002 and B8 =-0.002, 95 % CI [-0.004,
0.000], p = .014, respectively). Among the cognitive subdomains, each year of age was
associated with a significantly stronger relationship between less mGCL volume and
worse executive function (8 = -0.003, 95 % CI [-0.006, -0.001], p = .004), as well as worse
verbal episodic memory (8 =-0.002, 95 % CI [-0.005, 0.000], p =.026). For global
function, the full-adjusted standardized associations of retinal layer measurements and
cognitive performance stratified by age group are presented in Figure 2. Age stratified
analysis showed that, in general, the associations of retinal layer measurements and
cognitive functioning emerged after the age of 50 years, weakened between 70 and 79

years of age, and became strongest after the age of 80 years.



112

PRNFL thickness
—&— mGCL volume

30-39 years 40-49 years 50-59 years 60-69 years 70-79 years 80-94 years
(n =439) (n=492) (n=1683) (n=482) (n=300) (n=187)
1.0 4
0.5
0.0 A
-0.5
[
S -1.04
(%]
N
® -1.51
i Std. B = 0.046 0.008 -0.046 -0.043 0.010 -0.084
T 95%Cl=-0.017,0.109 -0.051, 0.067 -0.098, 0.006 -0.106, 0.020 -0.071, 0.091 -0.218,0.049
S 2 0 -2 2 0 -2 2 0 -2 2 0 -2 2 0 -2 2 0 -2
g 104
=
=
— 05 _—
©
Q
s \
G 00] \
|
-0.5
-1.04
-1.54
Std.=  -0.007 -0.004 -0.047 -0.060 -0.028 -0.130
95% Cl = -0.074, 0.061 -0.065, 0.058 -0.108,0.013 -0.123, 0.002 -0.110, 0.053 -0.270, 0.009
2 0 -2 2 0 -2 2 0 -2 2 0 -2 2 0 -2 2 0 -2
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Figure 2. Associations of retinal layer measurements and global function differ by
age. Data presented here represent the age-specific change in global function (z-score)
as peripapillary retinal nerve fiber layer (pPRNFL) thickness (yellow) and macular ganglion
cell layer (mGCL) volume (green) z-scores decrease. Plotted slopes were derived from
models that were adjusted for sex, education, estimated refractive error (spherical
equivalent), best-corrected visual acuity, smoking status, hypertension, diabetes mellitus,
and history of stroke. The presented values represent standardized B coefficients with
95 % confidence intervals (Cls) and were calculated from models that were also adjusted
for age within each age group.

DISCUSSION

This study was designed to determine the degree to which thinner pRNFL and less mGCL
volume are associated with worse cognitive functioning and whether demographic or
vascular health factors affect these relationships. To evaluate this, we quantified the
associations of retinal layer measurements and multidomain cognitive functioning and
examined the interactive effects of age, sex, education level, hypertension, smoking
status, diabetes mellitus, and history of stroke. From our sample of 2,483 community-
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dwelling individuals 30 to 94 years of age, we report three main findings. First, mGCL
volume is more closely associated with cognitive functioning than pRNFL thickness.
Second, associations of retinal layer measurements and cognitive functioning are
dependent on age, emerging in midlife and becoming strongest after the age of 80 years.
Third, hypertension and current smoking affect the relationship between retinal layer
measurements and cognitive functioning. Understanding which retinal structures are most
closely related to cognitive functioning and in whom these associations are strongest
provides important information about the potential utility and suitable application of OCT-

derived retinal measurements as biomarkers of brain status.

Previous population-based research using SD-OCT has reported worse cognitive
functioning in those with thinner RNFL*48 and less GCL-inner plexiform layer? in cross-
sectional analyses. In our total sample (mean age 54.3 years) and after adjustment for
age, sex, education level, spherical equivalent, best-corrected visual acuity, hypertension,
smoking status, diabetes mellitus, and history of stroke, less mGCL volume was linearly
associated with worse global function, processing speed, and verbal episodic memory. In
contrast, pRNFL thickness was not significantly associated with performance in any
cognitive domain. Overall, we observed a trend of thinner pRNFL thickness and less
mGCL volume being associated with worse cognitive functioning in most cognitive
domains, with the size of the effects tending to be stronger for the mGCL than for the
pRNFL. Nonetheless, it must be noted that the size of the linear relationships was small,
with standardized 3 values after full adjustment ranging from -0.006 for the association of
thinner pRNFL thickness with worse verbal episodic memory and worse crystallized
intelligence to -0.050 for the association of less mGCL volume with worse processing
speed. The weak associations of retinal layer measurements and cognitive functioning in
our overall sample suggest that mGCL volume and pRNFL thickness likely possess limited

utility as biomarkers of brain function in relatively healthy adults before older age.

Age-dependent associations of retinal layer measurements and cognitive functioning were
evident within our data. Only one previous population-based study has explored whether
an age dependency in the effect of retinal layer measurement on cognitive functioning
exists, albeit quantifying only the pRNFL and using a previous-generation retinal imaging
technique.’® In that study, in a sample of 1,485 individuals between 18 and 85 years of
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age, the authors reported that the associations of pRNFL thickness and cognitive
functioning weakened with age. In contrast, we found the opposite: the association of
thinner retinal layers and worse cognitive functioning emerged after the age of 50 years,
weakened between the ages of 70 and 79 years, and was strongest in those >80 years of
age. Observing the strongest relationships between retinal layer measurements and
cognitive functioning in our oldest participants is relevant in the context of
neurodegeneration; two longitudinal studies recently demonstrated that thinner RNFL is
associated with both an increased risk of cognitive decline* and incident dementia.® The
few participants in our study with a diagnosis of dementia were excluded from the
analytical sample (n = 4), indicating that the associations of retinal layer measurements
and cognitive functioning are not necessarily dependent on the inclusion of individuals
with clinical cognitive dysfunction. The reasons we observed the strongest retina-cognition
relationships in our oldest participants are not clear, and some speculation is required.
For instance, the greatest variance in the presence and severity of brain and retinal
pathologies is expected in older individuals. Many of these detrimental physiologic
changes in the brain are not destined to cause dementia, but they could cause nonclinical
declines in cognitive functioning, leading to stronger retina-cognition associations. An
alternative reason is that prodromal neurodegenerative diseases are most likely to be
present in older age, which could be partially driving the strength of the associations in

the oldest group.

We observed that vascular health factors, specifically smoking status, hypertension,
diabetes mellitus, and history of stroke, tended to affect the degree to which retinal layer
measurements were associated with cognitive functioning. To the best of our knowledge,
this is the first time that such moderating effects have been reported. Both hypertension
and stroke have been associated with a thinner pRNFL,” and these factors, along with
diabetes mellitus, were associated with a strengthening of the relationship between retinal
layer measurements and cognitive functioning in our study. This indicates that the
expression of a relationship between retinal layer measurements and cognitive functioning
may partially depend on a relatively higher rate of accumulation of vascular pathology; in
those individuals without significant declines in their vascular health, retinal layer
measurements may provide limited information on brain status. Indeed, the integrity of the
retina is intimately linked to the functionality of its vasculature, with individual risk for ocular
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diseases, particularly glaucoma,'” heightened in those with greater vascular risk. We
unexpectedly observed thinner pRNFL thickness and less mGCL volume to be associated
with better cognitive functioning in smokers only. In contrast to hypertension and stroke,
current smoking has been associated with a thicker pRNFL, possibly because smoking-
related axonal degeneration may thicken retinal layers through reduced axonal flow or
axonal swelling in the retina.” Smoking also has antagonistic effects on cognitive
functioning, having been associated with both a faster global cognitive decline'® and a
cognitive advantage due to exposure to nicotine.' Therefore, an explanation for our
findings is that a thicker retinal layer in smokers is a marker of having incurred more
smoking-related vascular pathology, leading to thinner layers being associated with better
cognitive functioning in smokers only. An alternative explanation is that current smoking
status is a proxy for heightened nicotine exposure, leading to thinner retinal layers but
better cognitive performance in some individuals. Of course, another explanation is that
this interaction represents a chance finding, and replication in other cohorts is required.

Our results should be interpreted with respect to a number of limitations. First, this study
examined cross-sectional relationships exclusively. Therefore, we could not explore
whether thinner retinal layers are associated with a greater risk of incident cognitive
decline or dementia. Second, due to the small number of participants in our sample with
a diagnosis of dementia, we excluded these individuals before the final analysis.
Therefore, we cannot report the strength of relationships between pRNFL thickness and
mGCL volume across the continuum of cognitive functioning from healthy to clinically
impaired. Third, we cannot discount the possibility that a survivor bias led to an
underestimation of the associations of retinal layer measurements and cognitive
functioning in those 70 to 79 years of age, but this explanation is discrepant with the
observation that the strongest effects were found in those >80 years of age. Fourth,
differences in the strengths of observed retinal measurement-cognition relationships
could, in part, reflect a differential tendency of thickness and volume measures to decline
in response to smaller pathologic changes, regardless of retinal location. This does not,
however, affect our conclusions with regard to which retinal measurements are most
viable as biomarkers of brain function. Fifth, our participants were predominantly white of
European descent, and confirmation of our findings in other ethnic groups is required.
Finally, we did not adjust a levels for multiple comparisons when denoting statistically
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significant effects, and some level of chance findings, particularly with regard to cognitive
subdomains and subgroup differences, is a possibility. Still, our study possessed a
number of strengths. We were able to analyze a large community-dwelling sample from
the Rhineland Study, which included a very wide adult age range (30-94 years). This
allowed us to investigate age-related interactions between retinal layer measurements
and cognitive functioning across the adult lifespan, which has received minimal prior
research attention. Due to the availability of data on a wide range of cognitive tests, we
also were able to use composite domain summary scores as our outcome measures,

reducing the risk of spurious findings within single cognitive tests.

Our findings serve to provide greater clarity with regard to which retinal structures are
most closely related to cognitive functioning and in whom these relationships are
strongest. Such knowledge is important in furthering the development and suitable
application of OCT-derived retinal measurements as biomarkers of brain status. We found
evidence that retinal layer measurements are most indicative of brain function in later life
and that vascular health factors play important roles in determining how the associations

of retinal layer measurements and cognitive functioning manifest.
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ABSTRACT

Chronic stress detrimentally affects cognition but evidence from population-based studies
is scarce and largely based on one-dimensional stress assessments. In this study, we
aimed to investigate associations of subjective and psychological chronic stress measures
with cognition in a population-based sample of adults aged 30-95 years from the
Rhineland Study. Participants completed the Perceived Stress Scale (subjective
measure) and a cognitive test battery (n=1,766). Hair cortisol concentration
(physiological measure) was assessed by liquid chromatography tandem mass
spectrometry in 1,098 participants. Cross-sectional associations between the two
measures of chronic stress and cognition were investigated using multivariable linear
regression models. Subjective and physiological measures of chronic stress were not
associated with each other (B = 0.005, 95 % CI [-0.005, 0.015]). Participants with higher
perceived stress and specifically lower perceived self-efficacy performed worse in all
cognitive domains (effect sizes ranged from 8 = -0.129, 95 % CI[-0.177, -0.080] to -0.054,
95 % CI [-0.099, -0.009]; and from B = 0.052, 95 % CI [0.005, 0.098] to 0.120, 95 % CI
[0.072, 0.167], respectively). Relationships between subjective chronic stress measures
and executive functioning were stronger in men compared to women (interaction g =
-0.144, 95 % CI [-0.221, -0.067]). Relationships between perceived stress and working
memory, and between perceived self-efficacy and executive functioning, processing
speed, verbal episodic and working memory, increased with older age. Hair cortisol
concentration was not associated with performance in any cognitive domain. Our results
suggest that subjective and physiological measures capture different aspects of chronic
stress in the general population.
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INTRODUCTION

Chronic stress is commonly known for its detrimental effects on cognitive functioning, and
it may facilitate the onset and progression of cognitive decline and dementia later in life."-
4 However, empirical evidence from population-based studies is scarce and difficult to
aggregate. Reasons for this include the wide range of one-dimensional stress assessment
tools, i.e. those tools that measure only psychological or physiological stress exposure or
response despite stress representing a multidimensional concept,®® as well as the unclear
associations among individual stress measures,® and varying associations of stress

measures with cognitive outcomes.®9.7°

Chronic stress depends strongly on an individual’s appraisal or perception of a stressor
as such'® and thus is often assessed with subjective measures, such as the Perceived
Stress Scale."” Elevated perceived stress has been repeatedly associated with worse
cognitive functioning, and may be a risk factor for cognitive decline.®2-'% The relationship
between cognition and subdimensions of perceived stress (i.e. perceived helplessness
and perceived self-efficacy) has received less attention. Yet, existing evidence suggests
that they may be differentially related to cognition in older adults. Higher perceived self-
efficacy (the perception of one’s ability to cope with stressors) has been linked to better
language, memory, processing speed and executive functioning abilities, whereas higher
perceived helplessness (the negative affect related to stress experiences), appears

unrelated to cognition.816:17

Besides subjective measures, quantifiable physiological markers of stress, such as the
glucocorticoid hormone cortisol, might allow for a more objective assessment of chronic
stress. Cortisol is secreted by the hypothalamic-pituitary-adrenal (HPA) axis as part of the
physiological stress response. It can pass the blood-brain barrier and drive plasticity
changes in several brain structures involved in cognitive functioning, including the
hippocampus, amygdala and prefrontal cortex.'®'% Elevated cortisol concentrations have
been associated with worse cognitive functioning.?°-?5> However, the majority of previous
studies have relied on cortisol measurements from blood, saliva or urine, which are
sensitive to short-term changes in cortisol concentration. Reliable long-term estimates in
blood, saliva, or urine can only be attained through repeated measurements, but these
often result in laborious sampling protocols impractical in the context of population-based
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studies. A newer, more resource-efficient method is the measurement of cortisol deposits
in scalp hair (hair cortisol concentration, HCC), which reflects cumulative cortisol exposure
up to several months prior to sampling.?® To date, investigations on the relation between
HCC and cognition in healthy adults are scarce and findings remain inconclusive.®?7-29
Some have reported no association between HCC and cognitive performance,®9928 while
others have reported that higher HCC are associated with worse cognitive
performance,®927 as well as with better learning and memory.?® Such work highlights the

need for further investigation.

Although both subjective and physiological measures have been used to assess chronic
stress, their relation with each other it is still under debate.® The latest meta-analysis in
10,289 people® could not confirm an association between perceived stress and HCC.
However, most of the included individual samples were relatively small (n < 50). Of the
few existing larger and population- or community-based studies in adults, only one
reported an absence of association®' while the majority, including two newer studies not
included in the meta-analysis,®?33 have reported either weak positive linear3?=3* or
curvilinear relationships.® In addition, the relevance of HCC as a biomarker of chronic
stress with regard to cognitive health in the general population remains to be evaluated.
In this study, we aimed to investigate if subjective and physiological measures capture
connected aspects of chronic stress and how they relate to performance in a range of
cognitive domains across the adult life span in a large population-based sample. We
hypothesized that higher perceived stress is associated with higher HCC and that both
higher perceived stress and higher HCC are associated with worse cognitive performance.

METHODS
Study population

We used cross-sectional data from the Rhineland Study, an on-going population-based
prospective cohort study in Bonn, Germany.¢ Participants are exclusively recruited by
invitation from two geographically defined residence areas around two designated study
centers. Participants were required to be 30 years or older and have sufficient knowledge
of the German language to consent to study participation. As part of their study visit,
participants completed self-administered questionnaires, underwent 50 minutes of
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cognitive testing, and provided hair samples. Approval to undertake the study was
received from the ethics committee of the University of Bonn, Medical Faculty. The study
was carried out in accordance with the recommendations of the International Council for
Harmonization (ICH) Good Clinical Practice (GCP) standards (ICH-GCP). We obtained
written informed consent from all participants in accordance with the Declaration of

Helsinki. No financial incentives were offered for study participation.

Our study sample was based on the first 2,000 participants of the Rhineland Study, who
completed their study visits between March 7, 2016 and June 8, 2018. We excluded
participants who did not speak German as a first language (n = 141), because most of our
cognitive tests were validated for German-speaking participants only. We further excluded
participants for whom educational status was unknown (n=21). Of the remaining
participants, 1,766 had complete cognitive and subjective stress data. Of those, hair
samples were obtained in 1,098 participants (62.2 %). Reasons for exclusion from hair
sample collection were insufficient hair length (< 3 cm or bald; n = 588, 88.0 %), refusal
to sampling (n = 48, 7.2 %), or hairstyle (dreadlocks or extensions, n = 3, 0.4 %). Further,
in the first months of the study (March - June 2016), hair sampling was not yet part of a
participants’ study visit (n = 29, 4.3 %).

Assessment of chronic stress
Subjective measure

We used the 10-item version of Cohen’s Perceived Stress Scale (PSS) as a subjective
measure of chronic stress. Participants indicated the degree to which they perceived
situations in their life within the last month as unpredictable, uncontrollable, and
overloaded.""37 Participants rated each item on a 5-point Likert-type scale from “never” to
‘very often” on a computer tablet. After reversing positively scored items, an overall
perceived stress score was calculated with higher values reflecting higher levels of stress
(range 0—40). Additionally, two subscores, perceived helplessness and perceived self-
efficacy, were calculated.®'® The perceived helplessness score comprised the sum of the
six negatively worded items. Higher values reflect higher perceived helplessness (range
0-24). The perceived self-efficacy score was derived from the sum of the four positively
worded items. Higher values reflect higher perceived self-efficacy (range 0-16). The
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perceived stress score and the subscores showed good reliability in our sample
(Cronbach’s a=0.86 for perceived stress and perceived helplessness, Cronbach’s
a = 0.71 for perceived self-efficacy).

Physiological measure

We used HCC as a physiological measure of chronic stress. We cut hair strands of
approximately 3 mm diameter from participants’ scalps at the posterior vertex. Hair was
stored in aluminum foil in a dry and dark place until analysis. Under the assumption of a
hair growth rate of approximately 1 cm per month,3® the scalp-nearest 3 cm of hair,
reflective of a 3-month-period before sampling, were analyzed by liquid chromatography
tandem mass spectrometry (LC—-MS/MS) in two batches at TU Dresden, as previously
described by Gao and colleagues.®® Hair strands were shortened to 3 cm and washed
twice for three minutes in 2.5 mL isopropanol. After drying for at least 12 h under a fume
hood, 7.5 mg hair from each sample was cut to smaller pieces. For cortisol extraction,
they were incubated at room temperature for 18 h in 1.8 mL LC-MS-grade methanol (Carl
Roth, Karlsruhe, Germany). Then, 1.6 mL of the supernatant was transferred into a new
tube. All liquid components were evaporated for approximately 20 minutes at 50 °C under
a constant stream of nitrogen. Finally, 225 yL of a mixture of methanol and water (50:50,
v/v) was added to the dried sample. Of the resulting solution, 100 pL were used for LC—
MS/MS analysis.

Cognitive assessment

Cognitive tests were administered in German by certified study technicians according to
standardized protocols. Crystallized intelligence was measured with the 37-item multiple
choice vocabulary test (Mehrfachwahl-Wortschatz Intelligenztest, MWT-B) in which
participants were instructed to identify a correct German word among four imaginary
words.*? Processing speed was assessed using a numbers-only trail-making test (TMT A,
time to completion in seconds) and an eye-tracker prosaccade task (mean latency to look
towards a cue in milliseconds). Executive functioning was assessed using a numbers-

and-letters trail-making test (TMT B, time to completion in seconds), an eye-tracker
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antisaccade task (percentage of trials in which participants erroneously looked towards a
cue rather than away from it), and a categorical verbal fluency task (total number of
animals named in 60 s). Verbal episodic memory was assessed using a verbal learning
and memory test adapted from Rey*' (number of correctly remembered words in
immediate recall (recalls 1-5) and delayed recall). Working memory was assessed using
a Corsi block tapping test adapted from the PEBL battery*? (sum of forward and backward
span) and a digit span test (sum of forward and backward span). We used adapted
versions of these reliable and valid cognitive tests, including only those in our testing
protocol with well-established psychometric properties. As such, we did not reassess the
reliability and validity specific to our dataset. We calculated composite cognitive domain
scores from cognitive tests that assessed theoretically similar cognitive processes and

ensured that intra-domain tests were sufficiently correlated.

Other variables

We a priori identified age, sex, and education as possible confounders, because previous
literature has reported systematic differences in both cognition and stress as a result of
age, sex and education.®92730 |n sensitivity analyses, we additionally accounted for hair-
related factors and corticosteroid medication use. Education was defined as the highest
educational attainment participants indicated in a self-administered questionnaire. Based
on the International Standard Classification of Education (ISCED) 2011, educational
attainment was classified as low (completed lower secondary education or below), middle
(completed upper secondary education up to completed Bachelor’s degree or equivalent),
or high (completed Master’'s degree or equivalent up to completed doctoral degree or
equivalent). Hair-related factors were obtained in a short interview along with the hair
sample and included current natural hair color (light = blond and red, dark = brown and
black, white/grey), average hair washes per week (rarely = three times or less, often =
more than three times), hair treatment (permanent waves, dyed, tinted or bleached hair
within 3 months prior to sampling), and season. The season in which a hair sample was
grown was derived from the preceding three-month period including the month of
acquisition. A hair sample was categorized to one of four seasons if at least two of the
months fell into the predefined range of winter (December - February), spring (March -
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May), summer (June - August), or fall (September - November). Corticosteroid medication
use was defined as any use, regular or as needed, within the previous 12 months of drugs
from the Anatomical Therapeutic Chemical (ATC) Classification System classes AO1AC,
AO7EA, CO5AA, DO1AC20, D07, D10AA, G01B, H02, MO1BA, N02CB, R01AD, RO3AK,
RO3AL, SO01BA, S01BB, S01CA, S01CB, S02B, S02C, S03B, or S03C.

Statistical analysis

Hair samples in which cortisol concentration was below detection limit (n =7) were
assigned the lowest available cortisol value from the dataset. Skewed variables were
transformed (log normal for HCC, log1o for TMT A, TMT B and prosaccade mean latency)
in order to approximate normal distributions, and age was mean centered. Values for TMT
and eye-tracking tests were reversed so that higher values represent better performance
across all cognitive tests. To compute cognitive domain scores, individual cognitive tests
were z-standardized and then all within-domain cognitive test z-scores were averaged.
For a participant to receive a cognitive domain score, valid results on at least 50 % of
individual component tests were required. We tested for possible group differences in
characteristics between participants who provided a hair sample and those who did not

using logistic linear regression.

We investigated the association between subjective and physiological measures of
chronic stress and between chronic stress and cognitive performance using multiple linear
regression models. In our sample, the two PSS subscores, perceived helplessness and
perceived self-efficacy, were moderately correlated with each other (r =-0.6). To avoid
collinearity effects, the associations of perceived stress, perceived helplessness and
perceived self-efficacy with cognition were assessed in separate models. To quantify the
relationship between subjective and physiological measures of chronic stress, we used
models with HCC as the dependent and each PSS score as the independent variable,
while adjusting for age and sex. We further tested if any of the relationships differed
between men and women or across age by including interaction terms. To assess the
relationship between chronic stress and cognitive performance, we used separate models
for each cognitive domain, with cognitive performance as the dependent and each
measure of stress (HCC, perceived stress, perceived helplessness, or perceived self-



128

efficacy) as the independent variable, while adjusting for age, sex and education. We
further tested if any of the relationships differed between men and women or across age
by including interaction terms. Because standardized effects per year of age were small,
the results for the interactions were presented as standardized effects per decade
increase in age. To be able to compare effects within the same subsample, both stress
measures and cognitive domain scores were z-standardized using mean and standard

deviation of the complete sample before they were entered into the models.

To test the robustness of associations, we tested if relationships between PSS scores and
cognition differed in the smaller subsample of participants for whom hair was available.
Further, we separately adjusted all models including HCC additionally for hair color,
washing frequency, treatment, season, analysis batch, and corticosteroid medication use,
because they had been most consistently identified to affect the HCC levels.®9-27:30 Al|
analyses were performed in R version 3.4.3* and RStudio version 1.1.383* using the
packages psych*S and stats.

RESULTS
Characteristics of the sample

Sample characteristics are shown in Table 1. In comparison to participants who did not
provide a hair sample, participants from whom a hair sample was taken were more likely
to be women, were less likely to have white or grey hair, washed their hair less often, and
were more likely to report the use of hair treatments.

Association between subjective and physiological measures of chronic stress

After adjusting for the effects of age and sex, perceived stress was not associated with
HCC (B = 0.005, 95 % CI [-0.005, 0.015], p =.339). The same held true for perceived
helplessness (B = 0.004, 95 % CI [-0.010, 0.018], p = .606) and perceived self-efficacy
(B=-0.017, 95 % CI [-0.041, 0.006], p = .154). We found no interaction of any of these
relationships with sex or age (p > .100, not shown). All results were virtually unchanged
when models were further adjusted for hair color, washing frequency, hair treatment use,

season, analysis batch and corticosteroid medication use.



Table 1. Participant characteristics

All participants Hair available Hair unavailable Group
n=1,766 n=1,098 n = 668 difference?®

Age, mean years (SD) 54.5 (13.7) 54.8 (13.5) 54.0 (14.1) 257
Women, n (%) 989 (56.0) 853 (77.7) 136 (20.4) <.001
Stress assessment

HCC, median pg/mg (IQR) - 5.55 (8.42) -

Perceived stress, mean (SD) 13.9 (6.1) 14.5 (6.2) 13.0 (5.8) .183

Perceived helplessness, mean (SD) 8.7 (4.3) 9.1 (4.3) 8.0 (4.1) .249

Perceived self-efficacy, mean (SD) 10.8 (2.5) 10.6 (2.6) 11.0 (2.5) 213
Cognitive assessment (z-score)

Crystallized intelligence, mean (SD) 0(1.0) 0 (0.9) 0 (1.0) .588

Executive functioning, mean (SD) 0 (0.7) 0 (0.7) 0.1 (0.7) 181

Processing speed, mean (SD) 0 (0.8) 0 (0.8) 0 (0.8) 741

Verbal episodic memory, mean (SD) 0 (0.9) 0.1 (0.9) -0.1 (0.9) 309

Working memory, mean (SD) 0 (0.7) 0 (0.7) 0.1 (0.7) 575
Education

Lower secondary or below, n (%) 31 (1.8) 26 (2.4) 5(0.7) ref

Upper secondary to bachelor’s degree, n (%) 783 (44.3) 506 (46.1) 277 (41.5) 672

Master’s degree or above, n (%) 952 (53.9) 566 (51.5) 386 (57.8) .840
Season

Winter, n (%) 544 (31.3) 340 (31.0) 204 (31.9) ref

Spring, n (%) 407 (23.4) 252 (23.0) 155 (24.2) 234

Summer, n (%) 325 (18.7) 213 (19.4) 112 (17.5) 327

Fall, n (%) 462 (26.6) 293 (26.7) 169 (26.4) .752

6Cl



Continuation Table 1.

All participants Hair available Hair unavailable Group

n=1,766 n=1,098 n =668 difference?

Hair color

Light, n (%) 491 (28.3) 329 (30.0) 162 (25.5) ref

Dark, n (%) 552 (31.9) 364 (33.2) 188 (29.6) 322

White or grey, n (%) 690 (39.8) 404 (36.8) 286 (45.0) .021
Hair washed >3 times/week, n (%) 963 (55.5) 492 (44.8) 471 (73.9) <.001
Hair treated, n (%) 553 (32.0) 490 (44.7) 63 (9.9) .005
Corticosteroid users, n (%) 214 (12.7) 143 (13.6) 71 (11.2) 468

Abbreviations: SD: standard deviation, HCC: hair cortisol concentration, IQR: interquartile range, ref: reference.
ap-values derived from age- and sex-adjusted logistic regressions (group differences in age and sex were
adjusted only for the respective other).
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Associations between chronic stress and cognitive performance

After adjusting for age, sex and education, the two measures of chronic stress were
differentially associated with cognitive performance in the five measured domains
(Figure 1). Participants with higher perceived stress performed significantly worse across
all cognitive domains. Regarding the subscores of the PSS, participants with higher
perceived self-efficacy performed significantly better in all cognitive domains. For
participants with higher perceived helplessness, associations went into the same direction
as for overall perceived stress, but associations were less strong and reached statistical
significance for executive functioning and working memory only. We observed no marked
differences in these associations in the subset of participants for whom hair was available
(Supplementary Table A.1). HCC was not related to performance in any cognitive domain
either with or without further adjustment for hair color, washing frequency, hair treatment

use, season, analysis batch, and corticosteroid medication use (not shown).

The inclusion of interaction terms of stress measures with sex or age did not change the
direction of the presented associations (Table 2). Associations between perceived stress,
perceived helplessness and perceived self-efficacy and executive functioning were
stronger in men compared to women (difference in 8 ranged from -0.144 for negative to
0.120 for positive associations). With each decade of age, associations between
perceived stress and working memory and between perceived self-efficacy and executive
functioning, processing speed, verbal episodic memory and working memory became
stronger (change in 8 ranged from -0.032 for negative to 0.044 for positive associations).
With higher age, the association between perceived helplessness and executive
functioning weakened slightly. The results were only marginally different in the subset of
participants who provided a hair sample (Supplementary Table A.2). Associations
between HCC and cognitive performance did not differ between sexes and did not change
with age either with or without further adjustment for hair color, washing frequency, hair

treatment use, season, analysis batch, and corticosteroid medication use (not shown).
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Figure 1. Associations between subjective and physiological measures of chronic stress on cognitive
performance. Standardized associations and 95 % confidence intervals of chronic stress measures and cognitive
domain performance as determined by multiple linear regressions models. Values represent change in cognitive domain
Z-score per one standard deviation increase in stress measure after adjusting for age, sex and education. Models
including HCC were based on n = 1,098 participants, models including PSS scores were based on n = 1,766 participants.

Abbreviations: HCC: hair cortisol concentration.
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Table 2. Interaction effects of subjective and physiological chronic stress measures with age and sex on cognitive performance.

Crystallized Executive Processing Verbal episodic Working

intelligence functioning speed memory memory
Interaction B (95% CI) p B (95% CI) p B (95% CI) p B (95% ClI) p B (95% CI) p
HCC'sex (o i7o010m) 45 (00730477) 418 (0.0600.173) 4  (0.0830.459) B (0.069:0.187) 364
PSS'sex (0133:0084) 22 (02210067 < (0.137:0.010) 988  (0122:0030) 2 (0.097:0.063) 674
PSS-H'SeX (0 1570050) 9% (0201-0045) 092 (0.1180.030) 20 (0103:0.049) 41 (0.082:0.078) %62
SEsex (-O.O%g;?)1.117) A87 (0.0241;39195) 002 (-0.0%2%?140) 063 (-0.0%3;%7.131) 135 (-0.0%2;%?103) 538
HCC'age (0 053i0022) 78 (00200052 388  (0.0440.023) 50 (00340035 ¥4 (0.0260.047) 577
PSS'age (00750038 083 (00250031 818 (00380015 2  (0.080,0.005) 107 (_:Oggogj); 029
PSSH'aGe (00700043 47 (00020057) 03  (0.0180.035) 97 (00350019 5 (0.0380.019) 4%
PSS- 0006 oo 0.027 048 0032 . 0032 o 0044

SE*age

(-0.037;0.024)

(0.000;0.054)

(0.007;0.058)

(0.005;0.058)

(0.016;0.072)
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Continuation Table 2.

Standardized associations and 95 % confidence intervals of subjective chronic stress measures and cognitive domain performance
as determined by multiple linear regression models. For interactions with sex, values represent the difference in the association of
stress measure and cognitive domain z-score between women and men (reference = women). For interactions with age, values
represent the change in the association of chronic stress measure and cognitive domain z-score per 10 years of age. All
associations were adjusted for age, sex, and education. All models were based on n = 1,098 participants who provided a hair
sample. Abbreviations: Cl: confidence interval, PSS: Perceived stress, PSS-H: perceived helplessness, PSS-SE: perceived self-
efficacy.
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DISCUSSION

We aimed to investigate if subjective and physiological measures capture connected
aspects of chronic stress and how they relate to cognitive performance in the Rhineland
Study. We found that, in our large population-based sample, subjective and physiological
measures of chronic stress were not related to each other across the adult lifespan. Higher
perceived stress was associated with worse performance in multiple cognitive domains.
Of the subdimensions of perceived stress, perceived self-efficacy showed stronger
relationships with cognitive outcomes than perceived helplessness. HCC was not related
to performance in any cognitive domain. Our results suggest that subjective and
physiological measures capture separate aspects of chronic stress, which differentially

relate to cognitive functioning.

The absence of a relationship between subjective and physiological measures of chronic
stress in our population may be explained by the stress-intensity hypothesis.>® According
to this hypothesis, a coupling of perceived stress and cortisol levels occurs only above a
certain threshold of stress intensity. As HCC is a long-term cortisol measure, circulating
cortisol needs to be elevated for several weeks or months to manifest in elevated hair
levels, requiring a person to encounter intense stressors constantly or very often. Such a
high stressor burden is not evident in our population-based sample. Inconsistencies
between our results and findings from other larger and community- and population-based
studies could stem from differences between study samples. Previous studies included
larger proportions of people with a lower average educational level>® or with higher
perceived stress,3?343% indicating a higher stressor burden. While the results from the
current study suggest that HCC is not associated with chronic stress measures in groups
reporting low levels of stress, HCC may be a useful tool to assess chronic stress and its
effects on the body in groups with a relatively high stress burden.

Despite a moderate to low perceived stress intensity in our sample, we observed
associations of between higher perceived stress —and specifically lower perceived self-
efficacy— with worse performance across all examined cognitive domains. The
relationships between subjective chronic stress measures and cognitive performance
were consistently stronger among the executive function and working memory domains.

The latter is in line with the existing literature on the effects of chronic stress on memory.™®
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Our findings further find support for the existence of a similarly strong effect on executive
functioning matching the observation of worse executive functioning in stress-related
disorders, such as depression.*é Different relationships of the two subscores of the PSS,
perceived helplessness and perceived self-efficacy, with cognition underline the
presumed two-factor structure of the PSS across the adult age range.®'® Although
associations between the two subscores and cognition showed a similar pattern, only
perceived self-efficacy was significantly associated with all cognitive domains measured.
Therefore, perceived self-efficacy seemingly plays a more important role than perceived
helplessness in the association between perceived stress and cognition. However, it
remains to be clarified whether lower perceived self-efficacy directly relates to worse
cognitive functioning or whether it moderates performance in cognitive testing situations.
Lastly, given our cross-sectional design, the associations between perceived stress
measures and cognition, especially crystallized intelligence, could have also arisen from
cognitive ability shaping stress perception. The latter would be in line with previous
findings about crystallized intelligence being a relatively stable construct.*4” Longitudinal
studies will allow further clarification of the causality underlying the associations between
perceived stress and cognitive performance.

We observed both sex and age to modify the relationship between subjective chronic
stress measures and executive functioning. Specifically, the associations between
subjective measures and executive functioning were significantly stronger in men
compared to women. Men generally report lower levels of stress in the PSS than
women,'83" but definite explanations for this observation are lacking. In the context of
gender norms, men might, despite feeling similarly stressed, report that they perceive less
stress than women. If that were the case, we would expect a stronger relationship between
PSS scores and all cognitive domains in men. However, only the associations between
PSS measures and executive functioning were more pronounced in men and further
investigation into why the sex effect was limited to this one domain is warranted. With
regard to age, the associations between perceived self-efficacy and cognitive
performance were stronger in older-aged participants. Although the reported interaction
effects were relatively small, perceived self-efficacy seems to play a role in cognitive
functioning among older individuals and interventions to strengthen self-efficacy could
potentially ameliorate the negative effects of stress on cognition, especially in the elderly.
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Although not observed for perceived self-efficacy, we found the association between
perceived helplessness and executive functioning to be less pronounced in older
participants. It remains to be investigated whether older adults either experience less
stress-related negative emotions that would impact cognition or whether their cognitive
performance is less affected by these emotions, for example as a consequence of different
coping strategies or higher resilience compared to younger adults.

HCC was not associated with performance in any cognitive domain. Our findings are in
line with the majority of studies in non-clinical adult samples.®?® Two contrasting studies
showed positive?” and negative relationships between HCC and cognition.?® While a
positive association is uncommon, the negative association seems more likely, given the
majority of previous literature on cortisol measures and cognitive functioning.? Differences
in the study samples could explain the variation in results. Compared to the two studies
that found significant relationships, our sample was relatively healthy and highly educated.
It is possible that negative effects of elevated cortisol on cognition only become evident in
individuals with other concurrent vulnerabilities, such as persistent stress-related

psychiatric illnesses (e.g. depression) or a lower educational level.

Limitations of our study include the cross-sectional nature of the data, which did not allow
testing for temporality in the observed relationships. Although longitudinal investigations
point towards an effect of perceived stress on cognition,”'? we cannot rule out that
cognitive ability in turn shaped stress perception in our sample. Furthermore, it is possible
that perceived stress affected the test performance itself through an influence on mood
and motivation. This influence might have inflated the strength of associations between
subjective chronic stress measures and cognitive functions. A further limitation of the
present study was that only 3 cm hair segments were available for analysis. This segment
length was chosen because of the trade-off between temporal resolution and analysis
costs. While HCC are highly intercorrelated between the three 1 cm proximal hair
segments, analytical costs triple compared to a single 3 cm segment analysis. Such costs
would have been prohibitively high for the current research project. Due to the 3 cm hair
length requirement in our population, hair samples were available from a larger proportion
of women than men. Similarly, unbalanced ratios have been observed in previous

community- and population-based samples.?”32-3% More men than women did not meet
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the minimum hair length criterion because of short hairstyles or baldness. Although hair
samples of only 1 cm would have matched the PSS measurement period better and could
have resulted in a more balanced sample, the collection of sufficient hair material (5—
7.5 mg minimum) would have remained difficult. Men with very short or near-to-baldness
hair and also some women might not accept the amount of hair that would have needed
to be cut. Due to the unavailability of hair samples in part of our population, our analysis
samples for HCC and PSS differed in size and effect estimates for the reported
associations with cognitive performance may not be directly comparable. However, when
we restricted our statistical analyses to the subset of participants who provided a hair
sample, associations between subjective chronic stress measures and cognitive
outcomes were virtually unchanged. We found no association between perceived stress
measures and HCC, yet we may have underestimated the association between them due
to the moderate to low stress level observed in our study population. Finally, we only
included age, sex, and education, as covariates in our models, and residual confounding
may have occurred. However, many further possible confounders, such as BMI,
cardiovascular health or depressive symptoms, may also be in the causal pathway and
be mediators of stress effects on cognition. They were reported to worsen after stressful
experiences and elevated cortisol.#484° Therefore, we did not include those possible

mediators in our analyses.

To the best of our knowledge, this is the first population-based study that has investigated
the relationship between perceived stress, HCC and a wide range of cognitive functions.
Previous studies have used either one-dimensional approaches to study stress, applied
more momentary cortisol assessments from blood or saliva as a proxy for longer-term
cortisol concentrations, or investigated only a limited range of cognitive outcome
measures. Further, our study underlines the importance of examining the two-factor

structure of the PSS in relation to health outcomes across the adult age range.

CONCLUSION

Our results add to the body of evidence suggesting that subjective and physiological
measures might capture separate aspects of chronic stress, which differentially relate to
cognitive functioning in the general population. Assessing stress with multimodal methods
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in the future will further deepen our understanding of the impact that chronic stress may
have on human health and wellbeing.
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5 General discussion and outlook

MEMORY AND OTHER COGNITIVE FUNCTIONS AS MARKERS FOR
NEURODEGENERATION

With increasing age, memory and most other cognitive functions have been found to
decline except for general knowledge/crystallized intelligence, verbal performance and
some numerical abilities.!? Advancing age is also the single most important risk factor for
dementia, a disorder characterized by loss of multiple cognitive functions. However, age
is unlikely the cause of cognitive decline, but rather a marker of the pathologic burden
associated with increasing age.®>* Disentangling the association between pathological
stress and cognitive decline and identifying pathologies that cause cognitive decline

remains a challenge.

Across age, cognitive decline is not homogenous across cognitive domains but shows
distinctive patterns. For example, AD patients typically suffer from episodic memory
impairment whereas patients suffering from frontotemporal dementia display more deficits
in executive functioning.® In addition, quantitative and qualitative cognitive differences can
be used to differentiate between dementia patients and healthy contemporaries.” In AD,
these differences can not only be detected by the classic AD screening tests (Mini-Mental-
State Examination (MMSE)® or Montreal Cognitive Assessment (MoCA)’), but also by
other brief individual cognitive tests that show high sensitivity and specificity for identifying
and distinguishing between individuals suffering from AD and individuals with suspected
cognitive impairment (delayed list-recall memory test and semantic (category) fluency
language tests).2 However, most cognitive tests fail to distinguish between normal, age-
associated and pathological cognitive changes in very early stages of the disease.’?

One exception is the delayed memory score assessed by the AVLT, which has been found
to be a reliable predictor of dementia about ten years before clinical diagnosis.®'°
However, to infer whether this and other tests might be valid and reliable cognitive marker
of pathological changes, it is important to assess their use to screen for normal and
abnormal cognitive trajectories across adulthood. In addition, it is important to examine
whether the AVLT may provide additional benefits in combination with other potential

biomarkers.
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Prospective cohort studies, such as the Rhineland Study, which examine participants
longitudinally and over a wide age range using deep phenotyping, are especially well
suited to examine cognitive trajectories in a cohort and allow the examination of potential
biomarkers and risk factors of cognitive decline. However, selecting memory and other
cognitive tests for such a study is challenging.

CHALLENGES OF SELECTING MEMORY AND OTHER COGNITIVE
MEASUREMENTS FOR PROSPECTIVE COHORT STUDIES

Cognitive functions are traditionally classified into so-called domains.'” The large number
of domains poses a challenge for prospective cohort studies, which have to be mindful of
the allocation of their financial resources as well as the examination time. Previous work
reported that age-associated cognitive decline occurs across most domains, namely
memory, processing speed, reasoning and executive functions, but verbal abilities, some
numerical abilities and general/world knowledge are less affected.”’? Assessing all of
these cognitive domains requires a large investment of time and resources by both the
study and participants. Moreover, many cognitive tests capture several cognitive domains
simultaneously, can be confounded by varying perceptual performance of the participants,
and lack specificity, which renders their interpretation difficult. To prevent undesired task-
specific factors to affect cognitive performance, it is also advised to measure one domain
using multiple tasks. In addition, memory tests should allow for repeated testing without
obscuring age-related cognitive decline. Memory effects caused by multiple
measurements should therefore be prevented as much as possible.

Within the Rhineland Study we had a time restriction of 50 minutes for the whole cognitive
examination, which led to narrowing down our test battery to only a small number of tests.
We aimed to cover the larger domains for which an age-associated decrease in cognitive
performance have been observed (episodic verbal memory, working memory, processing
speed, executive function). To maximize test interpretability, we preferred tests measuring
domains as distinctively as possible. We included different sensory information to ensure
participants’ performance was independent of their perceptual skills and focused on
previously validated tests that were used in other cohort studies to be able to compare
results. We also included a test on crystallized intelligence as a skill that is not expected
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to decrease with age and to estimate participants’ best cognitive ability. To assess fluid
intelligence, we preferably chose tests that have been previously found to predict or to be
associated with dementia (e.g. AVLT, semantic category fluency, eye movement

examination etc.).10.13-15

As our main memory measurement, | selected the AVLT to assess learning and long-term
memory. The AVLT is a time-efficient test, which provides an in-depth assessment of
learning and memory function in young as well as in older adults. It can also be
administered in memory-impaired participants, and has been found to predict dementia
years before disease onset.® %1619 Therefore, it has the potential to serve as a marker to
examine the biological basis of neurodegenerative diseases. However, for previous
versions we found no thoroughly tested German adaptation with multiple list versions,
which allows repeated testing without introducing bias due to memory effects.?02’
Therefore, | developed a new German version of the AVLT including ten comparable
versions based on prior published word lists in different languages to achieve comparable
memorability and difficulty levels. While nine out of ten presented list versions were highly
comparable, the tenth list proved slightly more difficult. We also showed that the level of
difficulty was comparable to other test versions?22? and gave detailed references for age

and sex effects on a large number of results.

These new lists are a valuable resource for clinical and scientific testing. Although the
comparability of the lists could have been of no concern for the baseline assessments of
the Rhineland Study if we had used only one list for all participants, we varied word lists
across participants. This was to avoid learning effects as participants discussed the
assessments with each other.

We also included an eye movement examination as an (more) experimental condition in
our cognitive assessment battery. Eye movement examinations require usually only little
instructions, are not language and education dependent and are therefore considered as
culture-fair measurements.?* We included it as objective and reproducible measures for
executive functions and processing speed.?>?® Control of eye movements is also
biologically well understood?” and impaired control of eye movements has been found in

many neurodegenerative diseases including dementia.’* This makes eye movement
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examinations an interesting tool to explore as potential biomarkers, but also as behavioral

outcomes for brain changes.

An alternative way of assessing memory and other cognitive functions is in combination
with fMRI measurement. Task fMRI allows the assessment of cognitive functions as well
as the assessment of brain activation evoked by a cognitive task. This can give valuable
information on activity changes over age for specific cognitive functions like memory.
Task-fMRI is not often applied in prospective cohort studies as it is not standardized and
most tasks are time-consuming which makes them expensive. Most of the existing tasks
are also specifically designed to answer a specific hypothesis. As mentioned in the
introduction, prospective cohort studies on the other hand are often not driven by a specific
hypothesis. Therefore, | developed a fMRI task measuring sensory-specific (auditory:
vocal and environmental, and visual: face and scene) brain activity as well as sensory-
specific and -unspecific memory-encoding-related brain activity within only ten minutes of
fMRI acquisition time. The task provides a recognition memory testing and a versatile
number of contrasts. Our findings replicated previously observed sensory-specific brain
activity as well as sensory-specific memory brain activity (auditory and visual cortex).?8-35
In addition, we were also able to detect sensory-unspecific memory-related brain activity
(hippocampus, default mode network structures, like the precuneus and the angular
gyrus) supporting the central memory network.36-3° These results proved the feasibility of
our memory-encoding task in a young sample and showed the potential of providing
information on changes of memory-encoding-associated brain activity in longitudinal
studies within just ten minutes of fMRI acquisition time. Further, in the supplementary
analyses, we showed that behavioral memory performance was slightly worse in a small
older sample of participants compared to the younger sample, but hit-rates were
comparable at 50 % which would allow the creation of stable contrasts. Although we did
not examine whether these results also extend to older participants individuals with
dementia, we assume that the task is also applicable when testing participants with mild
AD, since Sperling et al.*® successfully performed an even more difficult face-name
association task. We were also unable to examine how much the task performance may
be affected by memory bias in case of repeated measurements.
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Although participants did not learn the stimuli in depth, it is necessary to investigate how
long memory effects persist. Nevertheless, the task provides results on behavioral
recognition memory performance for face, scene, vocal and environmental stimuli. This
could be an interesting neuropsychological result in itself, complementing our
neuropsychological memory measures. In addition, examining sensory-specific brain
activity in visual and auditory regions, as well as the sensory-specific and -unspecific
memory brain activity may help to identify markers of age-related changes.

The task fMRI measurement could not be integrated into the current examination protocol
of the Rhineland study due to time constrains and the preference for the more general
resting-state fMRI. Resting-state fMRI was preferred over task fMRI as it is practical,
reproducible, standardized, allows data pooling, can be used for longitudinal examinations
and shows consistent results in line with structural connectivity derived by diffusion MRI.#’
It can be used in clinical conditions and has been found useful in characterizing abnormal
brain connectivity in clinical conditions.*> However, it is also affected by explicit mental
activities that occur while lying in the scanner which might make it an uncontrolled task of
thoughts at rest.3 It is also affected by age differences in factors not associated with
cognitive function including movement, tendency to fall asleep, or vascular health.#344
Task fMRI, on the other hand, helps understanding the mechanisms of brain activity and
changes using task-associated activity and has been shown to be an excellent tool for
studying changes in brain activity related to AD risk.*3#° It enables to map cognitive
functions directly and not via indirect associations and is more “entertaining” for
participants, who in turn are less likely to fall asleep or move compared to resting-state
fMRI.#14344 However, it only measures task-specific activity. Many tasks are not
standardized, have incomplete descriptions or are affected by language and cultural

background.*'

Weighing the advantages and disadvantages of resting-state and task fMRI is difficult as
they complement each other.*! Resting-state allows to pose a broader range of
hypotheses whereas the fMRI task paradigm may especially be of use to cohort studies
interested in cognitive function and their biological basis. As it has been found that under
certain conditions results of task-fMRI can be predicted by resting-state fMRI,*¢ resting-
state fMRI may be the more traditional approach for prospective cohort studies without



151

clear hypotheses. Nonetheless, | would like to encourage future studies to examine this
task further. The variability in results as well as its time efficiency makes it a valuable
addition to both fMRI measurement and cognitive memory examination. If the results
appear as expected or even improve, | would advocate to include this task into the general
protocol of a prospective cohort study or to conduct a sub-study to identify more targeted
approaches to examine brain regions showing effects of cognitive decline more

specifically.

USE OF COGNITIVE ASSESSMENTS IN BIOMARKER AND RISK FACTOR
ASSESSMENT

We used the baseline data collection of the Rhineland Study to examine the use of our
memory and cognitive assessment battery as a tool to examine biomarkers and risk
factors of neurodegenerative diseases. We also aimed to assess whether cognitive
functions reflect similar or maybe distinctive neuropsychological changes as potential
biomarkers and risk factors. We selected retinal layers as potential biomarker and chronic

stress as potential risk factor.

Retinal layers are potential biomarkers of neurodegenerative diseases as the retinal tissue
shares a lot of similarities with brain tissue.*” Therefore, neurodegenerative processes,
such as thinning and loss of cells in brain tissue, might also be reflected in the retinal
layers. Retinal layer assessment is non-invasive and straightforward using imaging
techniques (e.g. SD-OCT), which makes it a very attractive potential biomarker. However,
in contrast to previous studies, we found no association between pRNFL and any cognitive
domain, including memory.*849 On the other hand, mGCL showed small, linear
associations with global cognitive function, processing speed and episodic verbal
memory.> The effect between lower mGCL volume and lower verbal episodic memory
performance strengthened with age. These results underline the sensitivity of our
cognitive battery and are in line with previous studies finding processing speed and verbal
episodic memory as very early markers for cognitive decline.®19-5" Interestingly, we found
the strength of the association between mGCL and cognitive function varied across
smoking status — current smokers showed a diminished effect, whereas the effect was
strongest in non-smokers. As mentioned earlier, this could be due to degeneration caused
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by reduced axonal flow leading to thickening or axonal swelling.%? It could also be due to
the effects of smoking on cognitive functions, which is reported to be initially positive due
to nicotine exposure,® but detrimental over time.>* Overall, our results suggest that mGCL
but not pRNFL may be a marker of memory and cognitive performance in our non-
demented sample. However, further longitudinal studies are needed to assess whether
retinal layers can capture early neuropathological changes and whether the retinal
assessment reflects the same neuropathological processes captured by cognitive tests.

While examining whether chronic stress may be a modifiable risk factor of decreased
memory (Chapter 4.2) we observed striking differences between our subjective and
objective chronic stress measures. As mentioned previously, the difficulty in assessing
chronic stress lies in the heterogeneity of the construct. We observed that HCC and PSS
were not associated with another and HCC did not show associations with memory and
other cognitive functions, whereas PSS scores did. In our population-based sample, which
had only low to moderate PSS scores, stress levels might have been too low to show
effects. This supports the stress-intensity hypothesis, which states that cortisol levels only
increase above a certain stress threshold.® Different results in the literature exploring
HCC can therefore largely be explained by sample differences.®-%° In our project, analysis
we were not able to disentangle the biological basis between perceived stress and
cognitive differences due to a low number of participants reporting high perceived stress
levels. Therefore, it would be of interest to repeat this analysis in a larger sample and to
focus on a subset of participants reporting higher perceived stress levels. Further studies
could also examine whether perceived stress levels may be associated with changes in
brain regions like the limbic system and prefrontal cortex areas.® In addition, few studies
have examined whether markers of accelerated biological aging including, telomere
length and oxidative stress moderate the relation between cognitive functions and
perceived stress, but further research is warranted.®"-%2 In conclusion and in line with
previous studies, we observed that participants reporting higher perceived stress show
lower performance in all cognitive domains, especially working memory and executive
functions.?354 This effect was strongest in participants with lower perceived self-efficacy.
However, the biological basis needs to be explored in more depth.
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As mentioned earlier, a major limitation of the reported studies is the cross-sectional
nature of the data. Longitudinal analyses could provide essential information about normal
and pathological cognitive development across adulthood and elucidate the relation of
memory and cognitive function with potential biomarkers and risk factors in the adult
population. Furthermore, the Rhineland Study sample is not representative of the general
German population. Compared to the German population, our participants have higher
socioeconomic status, higher education and lower disease prevalence on average.%5-67

Thus, the conclusions drawn so far are limited to this population.

While the observed effect sizes were smaller than expected, one has to bear in mind that
our participants were on average very healthy and well-educated. Given that high levels
of education are known to be associated with higher cognitive reserve,® it is likely that we
underestimated the strength of the association between cognitive performance, retinal
layer thickness and stress. Moreover, it highlights the sensitivity of our cognitive test
battery which successfully captures cognitive changes across age in a non-demented
sample. To further increase the validity of our cognitive domains inclusion of additional

tests could be considered.

Finally, | would like to note that in the Rhineland study we were only able to start with a
very short standard test battery, so there is of course room for improvement in retrospect.
In the planned follow-up study, | would like to add a dementia screening assessment,
especially for very old participants or for participants where we observe difficulties in the
cognitive examination. We found that some of our standard tests were difficult specifically
for some very old participants, resulting in a small number of missing or dubious results.
Knowing whether these are participants already have dementia would be very informative,
also in terms of improving our cognitive test battery. In addition, we can also consider
combining our cognitive scores and adding tests where appropriate to create a score that
can measure early signs of cognitive decline based on known pathology. One example is
the Alzheimer's Disease Cooperative Study Preclinical Alzheimer's Cognitive Composite
(ADCS-PACC) score, which has been validated based on AB-pathology and has been

shown to reliably measure early signs of cognitive decline.®®
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CONCLUSION AND OUTLOOK

This thesis provides an overview of the use of memory and cognitive assessments as
potential markers of neurodegeneration, and discusses the challenges of measuring
memory and cognitive function in prospective cohort studies. This is exemplified by the
neuropsychological test battery of the Rhineland Study, which aims to longitudinally
assess normal and pathological changes of cognitive development across adulthood in a
time-efficient manner. The cognitive battery covers episodic verbal memory, working
memory, processing speed, executive function and crystallized intelligence and especially
memory tests allow for repeated testing. | developed and validated two cognitive tests
examining learning and memory performance and their neuronal correlates, which meet
the demands of prospective cohort studies and may not only be of relevance in the
research but also in the clinical setting. In addition, | found the performance on the
cognitive test battery to show an association with another known biomarker and risk factor
of neurodegeneration supporting the utility of the test battery as potential cognitive marker
of neuropathological changes.

While the described findings were based on cross-sectional baseline data of a very
healthy sample, the Rhineland Study aims to conduct multiple follow-up assessments
during the next decades. This will allow to monitor healthy and pathological adult cognitive
development longitudinally and assess the utility of our cognitive battery to detect
neuropathological changes at an early stage. For the follow-up assessments, | would
advocate to also include a dementia screening test and to consider including additional
tests which have been suggested as early markers of pathological cognitive decline and
differential marker of dementia subtypes.

REFERENCES

1. Deary lJ, Corley J, Gow AJ, et al. Age-associated cognitive decline. Br Med Bull.
2009;92(1):135-152. doi:10.1093/bmb/Idp033

2. Park DC, Reuter-Lorenz P. The adaptive brain: Aging and neurocognitive
scaffolding. Annu Rev Psychol. 2009;60:173-196.
doi:10.1146/annurev.psych.59.103006.093656.



10.

11.

12.

155

Wilson RS, Wang T, Yu L, Bennett DA, Boyle PA. Normative cognitive decline in
old age. Ann Neurol. 2020;87(6):816-829. doi:10.1002/ana.25711

Buckley R, Pascual-Leone A. Age-related cognitive decline is indicative of
neuropathology. Ann Neurol. 2020;87(6):813-815. doi:10.1002/ana.25733

Park LQ, Harvey D, Johnson J, Farias ST. Deficits in everyday function differ in AD
and FTD. Alzheimer Dis Assoc Disord. 2015;29(4):301-306.
doi:10.1097/WAD.0000000000000081

Folstein MF, Folstein SE, McHugh PR. “Mini-Mental State” - A practical method for
grading the cognitive state of patients for the clinician. J Psychiat Res.
1975;12:189-198. doi:10.1016/0022-3956(75)90026-6

Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive Assessment,
MoCA: A brief screening tool for mild cognitive impairment. J Am Geriatr Soc.
2005;53(4):695-699. doi:10.1111/j.1532-5415.2005.53221 .x

Hemmy LS, Linskens EJ, Silverman PC, et al. Brief cognitive tests for
distinguishing clinical Alzheimer-type dementia from mild cognitive impairment or
normal cognition in older adults with suspected cognitive impairment. Ann Intern
Med. 2020;172(10):678-687. doi:10.7326/M19-3889

Boraxbekk C-J, Lundquist A, Nordin A, Nyberg L, Nilsson L-G, Adolfsson R. Free
recall episodic memory performance predicts dementia ten years prior to clinical
diagnosis: Findings from the Betula Longitudinal Study. Dement Geriatr Cogn Dis
Extra. 2015;5(2):191-202. doi:10.1159/000381535

Ding X, Charnigo RJ, Schmitt FA, Kryscio RJ, Abner EL. Evaluating trajectories of
episodic memory in normal cognition and mild cognitive impairment: Results from
ADNI. PLoS One. 2019;14(2):e0212435. doi:10.1371/journal.pone.0212435

Harvey PD. Domains of cognition and their assessment. Dialogues Clin Neurosci.
2019;21(3):227-237. doi:10.31887/DCNS.2019.21.3/pharvey

Tucker-Drob EM. Global and domain-specific changes in cognition throughout
adulthood. Dev Psychol. 2011;2(47):331-343. doi:10.1037/a0021361



13.

14.

15.

16.

17.

18.

19.

20.

21.

156

Crossley M, D’Arcy C, Rawson NSB. Letter and category fluency in community-
dwelling Canadian seniors: A comparison of normal participants to those with
dementia of the Alzheimer or vascular type. J Clin Exp Neuropsychol.
1997;19(1):52-62. doi:10.1080/01688639708403836

Anderson TJ, MacAskill MR. Eye movements in patients with neurodegenerative
disorders. Nat Rev Neurol. 2013;9(2):74-85. doi:10.1038/nrneurol.2012.273

MacPherson SE, Allerhand M, Cox SR, Deary IJ. Individual differences in cognitive
processes underlying Trail Making Test-B performance in old age: The Lothian
Birth Cohort 1936. Intelligence. 2019;75(March):23-32.
doi:10.1016/j.intell.2019.04.001

Chen P, DeKosky ST, Ganguli M. Cognitive tests that best discriminate between
presymptomatic AD and those who remain nondemented. Neurology.
2000;55(12):1847-1853. doi:10.1212/wnl.55.12.1847

Estévez-Gonzalez A, Kulisevsky J, Boltes A, Otermin P, Garcia-Sanchez C. Rey
verbal learning test is a useful tool for differential diagnosis in the preclinical phase
of Alzheimer’s disease: Comparison with mild cognitive impairment and normal
aging. Int J Geriatr Psychiatry. 2003;18(11):1021-1028. doi:10.1002/gps.1010

Landau SM, Harvey D, Madison CM, et al. Comparing predictors of conversion and
decline in mild cognitive impairment. Neurology. 2010;75(3):230-238.
doi:10.1212/WNL.0b013e3181e8e8b8

Schoenberg MR, Dawson KA, Duff K, Patton D, Scott JG, Adams RL. Test
performance and classification statistics for the Rey Auditory Verbal Learning Test
in selected clinical samples. Arch Clin Neuropsychol. 2006;21(7):693-703.
doi:10.1016/j.acn.2006.06.010

Lezak MD. Memory |: Tests. In: Neuropsychological Assessment. Oxford University
Press; 1995:429-489.

Crawford JR, Stewart LE, Moore JW. Demonstration of savings on the AVLT and
development of a parallel form. J Clin Exp Neuropsychol. 1989;11(6):975-981.
doi:10.1080/01688638908400950



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

157

Blachstein H, Vakil E. Verbal learning across the lifespan: an analysis of the
components of the learning curve. Aging, Neuropsychol Cogn. 2015;23(2):133-
153. doi:10.1080/13825585.2015.1063579

Tuokko H, Griffith LE, Simard M, Taler V. Cognitive measures in the Canadian
Longitudinal Study on Aging. Clin Neuropsychol. 2016;31(1):233-250.
doi:10.1080/13854046.2016.1254279

Ettinger, U., Klein C. Eye Movements. In: Reuter M, Montag C, eds.
Neuroeconomics. Springer-Verlag; 2016:481-502.

Mirsky JB, Heuer HW, Jafari A, et al. Anti-saccade performance predicts executive
function and brain structure in normal elders. Cogn Behav Neurol. 2011;24(2):50-
58. doi:10.1097/WNN.0Ob013e318223f6¢6

Hutton SB. Cognitive control of saccadic eye movements. Brain Cogn.
2008;68(3):327-340. doi:10.1016/j.bandc.2008.08.021

Luna B, Velanova K, Geier CF. Development of eye-movement control. Brain
Cogn. 2008;68(3):293-308. doi:10.1016/j.bandc.2008.08.019

Belin P, Zatorre RJ, Lafaille P, Ahad P, Pike B. Voice-selective areas in human
auditory cortex. Nature. 2000;403:309-312. doi:10.1038/35002078

Pernet CR, McAleer P, Latinus M, et al. The human voice areas: Spatial
organization and inter-individual variability in temporal and extra-temporal cortices.
Neuroimage. 2015;119:164-174. doi:10.1016/j.neuroimage.2015.06.050

Agus TR, Paquette S, Suied C, Pressnitzer D, Belin P. Voice selectivity in the
temporal voice area despite matched low-level acoustic cues. Sci Rep.
2017;7(1):1-7. doi:10.1038/s41598-017-11684-1

Young AW, Fruhholz S, Schweinberger SR. Face and voice perception:
understanding commonalities and differences. Trends Cogn Sci. 2020;24(5):398-
410. doi:10.1016/j.tics.2020.02.001

Kanwisher N, McDermott J, Chun MM. The fusiform face area: a module in human
extrastriate cortex specialized for face perception. J Neurosci. 1997;17(11):4302-
4311. doi:10.1523/JNEUROSCI.17-11-04302.1997



33.

34.

35.

36.

37.

38.

39.

40.

41.

158

Epstein R, Kanwisher N. A cortical representation of the local visual environment.
Nature. 1998;392(6676):598-601. doi:10.1038/33402

Gazzaley A, Cooney JW, Rissman J, D’Esposito M. Top-down suppression deficit
underlies working memory impairment in normal aging. Nat Neurosci.
2005;8(10):1298-1300. doi:10.1038/nn1543

Collins JA, Olson IR. Beyond the FFA: The role of the ventral anterior temporal
lobes in face processing. Neuropsychologia. 2014;61(1):65-79.
doi:10.1016/j.neuropsychologia.2014.06.005

Raichle ME, MacLeod AM, Snyder AZ, Powers WJ, Gusnard DA, Shulman GL. A
default mode of brain function. PNAS. 2001;98(2):676-682.
doi:10.1073/pnas.98.2.676

Daselaar SM, Prince SE, Cabeza R. When less means more: deactivations during
encoding that predict subsequent memory. Neuroimage. 2004;23(3):921-927.
doi:10.1016/j.neuroimage.2004.07.031

Huijbers W, Schultz AP, Vannini P, et al. The encoding/retrieval flip: Interactions
between memory performance and memory stage and relationship to intrinsic
cortical networks. J Cogn Neurosci. 2013;25(7):1163-1179.
doi:10.1162/jocn_a_00366

Krieger-Redwood K, Jefferies E, Karapanagiotidis T, et al. Down but not out in
posterior cingulate cortex: Deactivation yet functional coupling with prefrontal
cortex during demanding semantic cognition. Neuroimage. 2016;141:366-377.
doi:10.1016/j.neuroimage.2016.07.060

Sperling RA, Bates JF, Chua EF, et al. fMRI studies of associative encoding in
young and elderly controls and mild Alzheimer’s disease. J Neurol Neurosurg
Psychiatry. 2003;74(1):44-50. doi:10.1136/jnnp.74.1.44

Damoiseaux JS, Huijbers W. The complementary value of task-evoked and resting-
state functional imaging: a commentary on Campbell and Schacter (2016). Lang
Cogn Neurosci. 2017;32(6):678-680. doi:10.1080/23273798.2016.1248452



42.

43.

44,

45.

46.

47.

48.

49.

50.

159

Lv H, Wang Z, Tong E, et al. Resting-state functional MRI: Everything that
nonexperts have always wanted to know. Am J Neuroradiol. 2018;39(8):1390-
1399. doi:10.3174/ajnr.A5527

Campbell KL, Schacter DL. Ageing and the resting state: is cognition obsolete?
Lang Cogn Neurosci. 2017;32(6):661-668. doi:10.1080/23273798.2016.1227858

Huijbers W, Van Dijk KRA, Boenniger MM, Stirnberg R, Breteler MMB. Less head
motion during MRI under task than resting-state conditions. Neuroimage.
2017;147:111-120. doi:10.1016/j.neuroimage.2016.12.002

McDonough IM, Festini SB, Wood MM. Risk for Alzheimer’s disease: A review of
long-term episodic memory encoding and retrieval fMRI studies. Ageing Res Rev.
2020;62(May):101133. doi:10.1016/j.arr.2020.101133

Tavor |, Parker Jones O, Mars RB, Smith SM, Behrens TE, Jbabdi S. Task-free
MRI predicts individual differences in brain activity during task performance.
Science (80- ). 2016;352(6282):216-220. doi:10.1126/science.aad8127

den Haan J, Verbraak FD, Visser PJ, Bouwman FH. Retinal thickness in
Alzheimer’s disease: A systematic review and meta-analysis. Alzheimer’s Dement
Diagnosis, Assess Dis Monit. 2017;6:162-170. doi:10.1016/j.dadm.2016.12.014

Ko F, Muthy ZA, Gallacher J, et al. Association of retinal nerve fiber layer thinning
with current and future cognitive decline: A study using optical coherence
tomography. JAMA Neurol. 2018;75(10):1198-1205.
doi:10.1001/jamaneurol.2018.1578

Khawaja AP, Chan MPY, Yip JLY, et al. Retinal nerve fiber layer measures and
cognitive function in the EPIC-Norfolk cohort study. Investig Ophthalmol Vis Sci.
2016;57(4):1921-1926. doi:10.1167/iovs.16-19067

Mutlu U, Colijn JM, Ikram MA, et al. Association of retinal neurodegeneration on
optical coherence tomography with dementia: A population-based study. JAMA
Neurol. 2018;75(10):1256-1263. doi:10.1001/jamaneurol.2018.1563



51.

52.

53.

54.

55.

56.

S7.

58.

160

Clay OJ, Edwards JD, Ross LA, et al. Visual function and cognitive speed of
processing mediate age-related decline in memory span and fluid intelligence. J
Aging Health. 2009;21(4):547-566. doi:10.1177/0898264 309333326

Mauschitz MM, Bonnemaijer PWM, Diers K, et al. Systemic and ocular
determinants of peripapillary retinal nerve fiber layer thickness measurements in
the European Eye Epidemiology (E3) population. Ophthalmology.
2018;125(10):1526-1536. doi:10.1016/j.ophtha.2018.03.026

Levin ED, McClernon FJ, Rezvani AH. Nicotinic effects on cognitive function:
Behavioral characterization, pharmacological specification, and anatomic
localization. Psychopharmacology (Berl). 2006;184(3-4):523-539.
doi:10.1007/s00213-005-0164-7

Sabia S, Elbaz A, Dugravot A, et al. Impact of smoking on cognitive decline in early
old age: The Whitehall Il cohort study. Arch Gen Psychiatry. 2012;69(6):627-635.
doi:10.1001/archgenpsychiatry.2011.2016

Stalder T, Steudte-Schmiedgen S, Alexander N, et al. Stress-related and basic
determinants of hair cortisol in humans: A meta-analysis.
Psychoneuroendocrinology. 2017;77(16):261-274.
doi:10.1016/j.psyneuen.2016.12.017

Jansen P, Dahmen-Zimmer K, Kudielka BM, Schulz A. Effects of karate training
versus mindfulness training on emotional well-being and cognitive performance in
later life. Res Aging. 2017;39(10):1118-1144. doi:10.1177/0164027516669987

McLennan SN, Ihle A, Steudte-Schmiedgen S, Kirschbaum C, Kliegel M. Hair
cortisol and cognitive performance in working age adults.
Psychoneuroendocrinology. 2016;67:100-103.
doi:10.1016/j.psyneuen.2016.01.029

Pulopulos MM, Hidalgo V, Almela M, Puig-Perez S, Villada C, Salvador A. Hair
cortisol and cognitive performance in healthy older people.
Psychoneuroendocrinology. 2014;44:100-111.
doi:10.1016/j.psyneuen.2014.03.002



59.

60.

61.

62.

63.

64.

65.

66.

67.

161

Feeney J, O’'Halloran AM, Kenny RA. The association between hair cortisol, hair
cortisone, and cognitive function in a population-based cohort of older adults:
Results from the Irish Longitudinal Study on Ageing. Journals Gerontol Ser A
gly258. 2020;75(2):257-265. https://doi.org/10.1093/gerona/gly258

Boccardi M, Boccardi V. Psychological wellbeing and healthy aging: Focus on
telomeres. Geriatr. 2019;4(1):1-10. doi:10.3390/geriatrics4010025

Aschbacher K, O’'Donovan A, Wolkowitz OM, Dhabhar FS, Su Y, Epel E. Good
stress, bad stress and oxidative stress: Insights from anticipatory cortisol reactivity.
Psychoneuroendocrinology. 2013;38(9):1698-1708.
doi:10.1016/j.psyneuen.2013.02.004

Epel ES, Blackburn EH, Lin J, et al. Accelerated telomere shortening in response
to life stress. Proc Natl Acad Sci U S A. 2004;101(49):17312-17315.
doi:10.1073/pnas.0407162101

Lupien SJ, Maheu F, Tu M, Fiocco A, Schramek TE. The effects of stress and
stress hormones on human cognition: Implications for the field of brain and
cognition. Brain Cogn. 2007;65(3):209-237. doi:10.1016/j.bandc.2007.02.007

Korten NCM, Comijs HC, Penninx BWJH, Deeg DJH. Perceived stress and
cognitive function in older adults: Which aspect of perceived stress is important? Int
J Geriatr Psychiatry. 2017;32(4):439-445. doi:10.1002/gps.4486

Mauschitz MM, Holz FG, Finger RP, Breteler MMB. Determinants of macular layers
and optic disc characteristics on SD-OCT: The Rhineland Study. Trans/ Vis Sci
Technol. 2019;8(3). doi:10.1167/tvst.8.3.34

Oumohand SE, Ward DD, Boenniger MM, Merten N, Kirschbaum C, Breteler MMB.
Perceived stress but not hair cortisol concentration is related to adult cognitive
performance. Psychoneuroendocrinology. 2020;121:104810.
doi:10.1016/j.psyneuen.2020.104810

Ward DD, Mauschitz MM, Bonniger MM, Merten N, Finger RP, Breteler MMB.
Peripapillary retinal nerve fiber layer thickness and cognitive function across the
adult lifespan in the Rhineland Study. Rev Epidemiol Sante Publique.
2018;66(Supplement 5):S238. https://doi.org/10.1016/j.respe.2018.05.018



68.

69.

162

Wilson RS, Yu L, Lamar M, Schneider JA, Boyle PA, Bennett DA. Education and
cognitive reserve in old age. Neurology. 2019;92(1-
10):10.1212/WNL.0000000000007036. doi:10.1212/wnl.0000000000007036

Donohue MC, Sperling RA, Salmon DP, et al. The preclinical Alzheimer cognitive
composite: Measuring amyloid-related decline. JAMA Neurol. 2014;71(8):961-970.
doi:10.1001/jamaneurol.2014.803



163
6 Supplementary material

6.1 Supplementary material to “A functional MRI paradigm for efficient mapping
of memory encoding across sensory conditions”

Supplementary material online available under:
https://www.frontiersin.org/articles/10.3389/fnhum.2020.591721/full#supplementary-

material or https://www.rheinland-studie.de/data-code/boenniger2020/

Elsp5i
el
A

Task scripts available under:
https://www.rheinland-studie.de/data-code/boenniger2020/

(Alternative direct link to the supplementary material: https://www.rheinland-

studie.de/fileadmin/Dateiliste/Dokumente/Boenniger2021-MSES- OFL =]
Supplement.pdf :,'=";" i‘;-.ji
R ) LTy
I3 b=
[m]p=EmH

Alternative direct link to the task scripts: https://www.rheinland-
studie.de/fileadmin/Dateiliste/Dokumente/Boenniger-2020.zip)

Bl
]

=1
el
;.I .'_:L
S



164

6.2 Supplementary material to “Ten German versions of Rey’s Auditory Verbal
Learning Test: Age and sex effects in 4,000 adults of the Rhineland Study”

Supplementary material online available under:

https://www.rheinland-studie.de/data-code/boenniger2020/

or under the direct link: https://www.rheinland-
studie.de/fileadmin/Dateiliste/Dokumente/Boenniger2021-AVLT-Supplement.pdf




165

6.3 Appendix to “Association of retinal layer measurements and adult cognitive

function - A population-based study”

Appendix. Authors

Name

Location

Contribution

David D. Ward, PhD

Matthias M. Mauschitz, MD, PhD

Meta M. Bonniger, MSc

Natascha Merten, PhD

Robert P. Finger, MD, PhD

Monique M.B. Breteler, MD, PhD

German Center for
Neurodegenerative
Diseases (DZNE),
Bonn, Germany

German Center for
Neurodegenerative
Diseases (DZNE),
Bonn, Germany

German Center for
Neurodegenerative
Diseases (DZNE),
Bonn, Germany

Department of
Population Health
Sciences, School of
Medicine and Public
Health, University of
Wisconsin—Madison

Department of
Ophthalmology,
Faculty of Medicine,
University of Bonn,
Bonn, Germany

German Center for
Neurodegenerative
Diseases (DZNE),
Bonn, Germany

Designed and
conceptualized study,
analyzed and interpreted
the data, performed the
statistical analysis,
drafted the manuscript

Designed and
conceptualized study,
interpreted the data,
revised the manuscript

Interpreted the data,
revised the manuscript

Interpreted the data,
revised the manuscript

Designed and
conceptualized study,
revised the manuscript

Designed and
conceptualized study,
interpreted the data,
revised the manuscript,
obtained funding,
supervised the study




Table A.1. Effects of subjective and physiological measures of chronic stress on cognitive performance

Crystallized Executive Processing Verbal episodic Working
intelligence functioning speed memory memory
B(O5%Cl) p B(O5%Cl)  p BO5%Cl) p B(©O5%C) p BO5%Cl)  p
0.034 -0.029 -0.007 -0.032 -0.035
HCC  (L020,.088) 212 (-077,.020) 2*° (052 .038) "*° (079, .015) 170 (085 .014) 160
-0.072 -0.101 -0.054 -0.060 -0.129
PSS (126,-019) 098 (221 -067) <001 (L1437, 010) 018 (122 030) 01 (L0907, 063) <00
-0.049 -0.074 -0.039 -0.056 -0.120
PSS-H (127, .050) 078 (-201,-045) 093 (118, .030) 987 (-103, .049) °1° (-.082, .078) <001
0.093 0.120 0.065 0.052 0.111
PSS-SE  (Lo0s6, .117) 001 (044, 195) <001 (004, 140) 90 (-018, .131) 02% (-054, .103) <0V

Standardized associations and 95 % confidence intervals of chronic stress measures and cognitive domain
performance as determined by multiple linear regressions models. Values represent change in cognitive domain
z-score per one standard deviation increase in stress measure after adjusting for age, sex and education. All
models were based on n = 1,098 participants who provided a hair sample.

Abbreviations: Cl. confidence interval, HCC: log hair cortisol concentration, PSS: Perceived stress, PSS-H:
perceived helplessness, PSS-SE: perceived self-efficacy
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Table A.2. Interaction effects of subjective and physiological chronic stress measures with age and sex on cognitive
performance

Crystallized Executive Processing Verbal episodic Working
intelligence functioning speed memory memory
Interaction ~ B(95%Cl) p B(O5%C)  p BO5%CH p BO5%C)H p B@O5%Cl)  p
) -0.033 0.052 0.056 0.038 0.059
HCC'sex (0172, 0.107) %% (0,073, 0.177) *18 (0.060, 0.173) 3%* (-0.083, 0.159) °>° (-0.069, 0.187) 04
) 0.021 -0.146 -0.096 -0.067 0.038
PSS™sex  (10.110,0.151) "% (-0.262,-0.030) °13 (-0.204, 0.013) ‘%° (-0.180, 0.046) *** (-0.080, 0.157) %4
) -0.003 -0.144 -0.066 -0.054 0.040
PSS-H'sex (L0137, 0.132) 99 (-0.264,-0.024) 018 (10.178, 0.046) 2*® (-0.170, 0.062) >0 (-0.082, 0.162) 17
pPSs-SE*sex . 0:099 35, 0.101 o5, 0198 4o 0066 - oag 0031 55

(-0.183, 0.066) (-0.010, 0.212) (0.004, 0.212) (-0.042, 0.174) (-0.144, 0.083)
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Continuation Table A.2.

Crystallized Executive Processing Verbal episodic Working
intelligence functioning speed memory memory
Interaction B (95 % ClI) p  B(95 % Cl) p  B(95 % Cl) p B (95 % Cl) p  B(95 % Cl) p
) -0.018 0.016 -0.011 0.001 0.010
HCC’age  0.058 0.022) 3"® (-0.020,0.052) 388 (.0.044,0.023) 30 (.0.034, 0.035) #®* (-0.026, 0.047) 277
) 0.017 0.012 -0.017 -0.025 -0.038
PSS'age .021.0.056) 380 (-0.023,0.047) *%2 (-0.050, 0.015) 293 (-0.059, 0.009) ‘1*3 (-0.073, -0.002) 037
) 0.029 0.034 -0.010 -0.012 -0.020
PSS-Hage 5010, 0.068) 1% (-0.001, 0.069) 0°° (-0.042, 0.023) °°3 (-0.045, 0.022) *®3 (-0.056, 0.015) 28
PSS-SE*age , . 0002 gp3 0015 o agn 0017 o9 0032 g5g 0039 g0

(-0.040, 0.036) (-0.019, 0.049) (-0.015, 0.049) (-0.001, 0.065) (0.005, 0.074)

Standardized associations and 95 % confidence intervals of chronic stress measures and cognitive domain performance as
determined by multiple linear regressions models. For interactions with sex, values represent the difference in the
association of stress measure and cognitive domain z-score between women and men (reference = women). For interactions
with age, values represent the change in the association of chronic stress measure and cognitive domain z-score per 10
years of age. All associations were adjusted for age, sex, and education. All models were based on n = 1,098 participants
who provided a hair sample.

Abbreviations: Cl: confidence interval, HCC: log hair cortisol concentration, PSS: Perceived stress, PSS-H: perceived
helplessness, PSS-SE: perceived self-efficacy

891



169

7 Acknowledgement

A thesis is never the work of just one person alone. | would therefore like to thank a few
people who made this thesis possible and who helped me to keep going, even when times
were difficult.

First and foremost, | would like to thank my supervisors and members of the Thesis
Committee. In particular, Monique M.B. Breteler for her supervision and challenging and
constructive feedback. Michael Wagner, Carole Dufouil and Sterling C. Johnson, | would
like to thank for their time, valuable comments and suggestions both inside and outside
the Thesis Committee meetings. | would also like to thank Ulrich Ettinger and Ahmad Aziz,
who always gave me valuable advice and patiently responded to my questions. Special
thanks also go to Willem Huijbers, who supported me from the Master's thesis onwards
and encouraged me to start the PhD in the first place.

Furthermore, | would like to thank all my friends and colleagues in the Rhineland Study
team. Setting up and conducting such a large study only works with excellent teamwork.

Thanks to the study assistants, especially the cognition team with whom | worked the
most, for the pleasant and constructive exchange and your great work in collecting the
data. Your work and that of the other study assistants made my projects possible to a
large extent. Special thanks here to Sabine Neuhaus and Anja Sperling.

Thanks to our IT team, especially Christof Meigen, André Medek and Thomas H. Schmidt,
who gave me special support in processing and cleaning the data and were always there
to help and advise me.

Thanks to my post-doctoral and PhD colleagues, who have been very supportive over the
years with advice both privately and professionally. Special thanks to Sadia E. Oumohand
Fabienne Fox and Valerie Lohner for their friendship, their continuous support and their
feedback on the thesis. David D. Ward, Nersi Alaeddin, Elvire Landstra, Matthias M.
Mauschitz and Gokhan Pehlivan for their friendship.

Finally, and most especially, | would like to thank my friends and family. Your continuous
and unconditional support and belief in me has kept me going.

Special thanks also to Frederik, who was the sunshine during my lunch breaks at the
home office.



170

8 List of publications and conference presentations

Peer-reviewed publications

Boenniger, M.M., Staerk C., Coors, A., Huijbers, W., Ettinger, U., Breteler, M.M.B.
(2021). Ten German versions of Rey’s Auditory Verbal Learning Test: Age and sex
effects in 4,000 adults of the Rhineland Study. Journal of Clinical and Experimental

Neuropsychology (accepted)

Merten, N., Boenniger, M.M., Herholz, S.C., Breteler, M.M.B. (2021). The associations
of hearing sensitivity and different cognitive functions with perception of speech-in-
noise. Ear and Hearing (accepted)

Coors, A., Imtiaz, M.-A., Boenniger, M.M., Aziz, A., Breteler, M.M.B, Ettinger, U. (2021).
Polygenic risk scores for schizophrenia are associated with oculomotor
endophenotypes. Psychological Medicine, 1-9.
https://doi.org/10.1017/S0033291721003251

Boenniger, M.M., Diers, K., Herholz, S., Shahid, M., Stocker, T., Breteler, M.M.B.,
Huijbers, W. (2021). A functional MRI paradigm for efficient mapping of memory
encoding across sensory conditions. Frontiers in Human Neuroscience, 14(591721).
https://doi.org/10.3389/fnhum.2020.591721

Oumohand, S.E., Ward, D.D., Boenniger, M.M., Merten, N., Kirschbaum, C., Breteler,
M.M.B. (2020). Perceived stress but not hair cortisol concentration is related to adult
cognitive performance. Psychoneuroendocrinology, 121, 104810.
https://doi.org/10.1016/j.psyneuen.2020.104810

Ward, D.D., Mauschitz, M.M., Bonniger, M.M., Merten, N., Finger, R.P., Breteler,
M.M.B. (2020). Association of retinal layer measurements and adult cognitive
function: a population-based study. Neurology, 95(9), e1144-e1152.
https://doi.org/10.1212/WNL.0000000000010146

Huijbers, W., Dijk, K.R., Boenniger, M.M., Stirnberg, R., & Breteler, M.M.B. (2017). Less
head motion during MRI under task than resting-state conditions. Neurolmage, 147,
111-120. https://doi.org/10.1016/j.neuroimage.2016.12.002



171

Conference presentations

09/2018

07/2018

07/2017

07/2017

13. Jahrestagung der Deutschen Gesellschaft fur Epidemiologie (DGEpi),
Bremen, Germany (talk)

Bonniger, M.M., Merten, N., Ward, D.D., Breteler, M.M.B. (2018). Sex
differences in cognitive performance across the adult lifespan in the Rhineland
Study. V-02-M-03

European Congress of Epidemiology, Lyon, France (poster)
Boenniger, M.M., Merten, N., Ward, D.D., Breteler, M.M.B. (2018). Sex
differences across age in cognitive tests in the Rhineland Study. Revue
d’Epidémiologie et de Santé Publique, 66(Supplement 5), S281.
https://doi.org/10.1016/j.respe.2018.05.119

Alzheimer’s Association International Conference (AAIC) — Alzheimer’s
Imaging Consortium (AIC) Preconference, London, UK (poster)
Boenniger, M., Herholz, S., Stoecker, T., Breteler, M., & Huijbers, W. (2017a).
A parallel mixed design for mapping multisensory and memory-related fMRI
activity in a population study. Alzheimer’s & Dementia: The Journal of the
Alzheimer’s Association, 13(7), P1080-P1081.
https://doi.org/10.1016/j.jalz.2017.06.1549

Alzheimer’s Association International Conference (AAIC), London, UK
(poster)

Boenniger, M., Herholz, S., Stoecker, T., Breteler, M., & Huijbers, W. (2017b).
A parallel mixed design for mapping multisensory and memory-related fMRI
activity in a population study. Alzheimer’s & Dementia: The Journal of the
Alzheimer’s Association, 13(7), P123—-P124.
https://doi.org/10.1016/j.jalz.2017.06.1549



