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Abstract
The novel Spontaneous Retrieval Deficit (SRD) hypothesis predicts that people in the earliest
stages of Alzheimer’s Disease (AD) are particularly affected in spontaneous retrieval (e.g.,
mind-wandering) rather than deliberate retrieval measured by most of the currently used
neuropsychological tests. The purpose of this Ph.D. was to test the robustness of the
spontaneous retrieval deficit in groups with an elevated risk of developing AD, and to
investigate whether the deficit can be detected even in groups that are selected according to
noncognitive criteria, i.e., people with periodontal disease. In Study 1, 27 individuals with
amnestic Mild Cognitive Impairment (aMCI) and 27 healthy controls were compared on
mind-wandering while performing a novel task during which they were exposed to either
highly meaningful or unmeaningful pictures. In line with the SRD hypothesis, a substantial
reduction in mind-wandering was found among aMCI individuals. Importantly, the reduction
was found with exposure to highly meaningful stimuli, but not to unmeaningful stimuli,
supporting our expectation that the deficit is particularly pronounced in bottom-up and
stimulus-dependent spontaneous processing. Study 2 investigated, for the first time, the
relationship between spontaneous retrieval and periodontitis. Sixty community-dwelling
dementia-free older adults varying in periodontal health completed a battery of
neuropsychological tests and the same task as in Study 1, during which mind-wandering was
evaluated. Periodontal health was assessed subjectively, and objectively, in terms of
periodontitis-related changes in periodontal tissue, and periodontitis bacteria. In line with
predictions, the objective and subjective symptoms of poorer periodontal health were
associated with less mind-wandering, further supporting the SRD hypothesis. The findings
from the Ph.D. research allow us to clarify the SRD hypothesis by showing which specific
type of spontaneous retrieval best demonstrates very subtle signs of cognitive change, and

show that these signs can be detected even before the prodromal stage of AD.



Streszczenie

Zgodnie z nowg hipoteza Deficytow Spontanicznego Wydobycia (DSW), bardzo wczesne
stadia choroby Alzheimera cechuje przede wszystkim ostabienie proceséw poznawczych
opartych na spontanicznym wydobyciu (np. zmniejszone bladzenie myslami). Celem pracy
bylo zbadanie stabilno$ci tego deficytu w grupach obarczonych ryzykiem choroby, oraz tego,
czy wystepuje on rowniez w grupach zagrozonych choroba, ale wyselekcjonowanych na
podstawie poza-poznawczych kryteriéw, tj. u 0sob z paradontoza. W Badaniu 1, 27 0s6b w
fazie prodromalnej choroby Alzheimera, czyli z amnestycznym Lagodnym Zaburzeniem
Poznawczym, oraz 27 zdrowych osob starszych poréwnano pod wzglgdem bladzenia myslami
(liczby spontanicznych mysli) podczas wykonywania nowego zadania eksperymentalnego, w
ktorym wyswietlano im zdjgcia o wysokim lub niskim znaczeniu. Zgodnie z hipotezg DSW, w
grupie klinicznej ogdlnie zaobserwowano mniej spontanicznych mysli. Co wigcej, DSW
zaobserwowano jedynie po ekspozycji na zdjecia posiadajgce znaczenie, co wskazuje, ze
deficyt jest szczegdlnie widoczny w przetwarzaniu spontanicznym, ale zaleznym od bodzcéw
(typu dot-gora). W Badaniu 2 analizowano, po raz pierwszy, relacj¢ pomigdzy DSW a
paradontozg. Szescdziesiat osob starszych bez demencji, ze zréznicowanym stanem zdrowia
przyzebia, zbadano baterig testow neuropsychologicznych oraz narzedziem mierzacym
btadzenie mys$lami, jakiego uzyto w Badaniu 1. Stan przyzebia oceniano subiektywnie 1
obiektywnie, uwzgledniajagc wywotlane paradontozg patologiczne zmiany w tkance oraz
obecnos¢ bakterii wywotujacych chorobe. Zgodnie z przewidywaniami, silniejsze obiektywne
1 subiektywne objawy paradontozy wigzaty si¢ z redukcjg btagdzenia myslami, co stanowi
nowy rodzaj danych potwierdzajacych hipoteze¢ DSW. Wyniki przedstawionych badan
pozwalajg doprecyzowac hipoteze DSW, pokazujac, ktéry konkretnie rodzaj procesow
spontanicznego wydobycia najlepiej ujawnia bardzo subtelne oznaki zmian poznawczych oraz

wskazuja, ze oznaki te mozna uchwyci¢ jeszcze przed fazg prodromalng choroby.



1. Introduction
1.1 The need to develop methods for the early diagnosis of Alzheimer’s disease

According to the United Nations report “World Population Ageing 2019”(United
Nations Department of Economic and Social Affairs, 2019), the number of people over 65
years of age in the world will increase by 120 percent in 2050. Although it is good news that
shows the growing effectiveness of modern medicine and health education in increasing
global life expectancy, such trends are also related to a number of challenges that future
societies will need to face. One of them is the growing number of people affected by age-
related neuropsychological disorders, e.g., Alzheimer’s disease (AD). It is estimated that
currently every 3 seconds someone in the world is diagnosed with dementia — statistical
predictions show that by 2050 there will be 131,5 million individuals worldwide suffering
from dementia (Prince et al., 2015). If the solution to this problem is not developed in the near
future, it will not only be the source of private tragedies of millions of people affected by the
disease, but it will also be a trigger for potential economic and social turbulences. According
to the World Alzheimer Report 2015 (Prince et al., 2015), the projected worldwide cost of
treating and caring for people with dementia will reach the threshold of 2 trillion dollars in 7
years (close to the current GDP of Italy).

Given the scale of the problem, continued research is needed on the development of
treatments for AD, but there are currently no effective drugs for the disease. Therefore, in the
near future, it is also important to develop inexpensive early detection methods, because in the
absence of an effective drug, it is the only way to increase the benefits of early disease
management and reduce the cost of care (Sperling et al., 2014). Studies have shown that the
first cerebral pathological changes related to AD occur even up to 20 years before the clinical
diagnosis of dementia (Jansen et al., 2015). It suggests that subtle markers of cognitive

deterioration may be detectable decades before the disease is diagnosed using conventional



methods. It also suggests that researchers in this field should focus on identifying cognitive
functions that deteriorate first in the disease process so that such subtle changes can be used
as an early risk indicator of neurodegeneration. The recently developed Spontaneous Retrieval
Deficits hypothesis (Niedzwienska & Kvavilashvili, 2018) is one of such attempts.

1.2 Spontaneous Retrieval Deficits Hypothesis

The novel Spontaneous Retrieval Deficits (SRD) hypothesis stipulates that
spontaneous (i.e., unintentional and effortless) retrieval processes, which are generally
preserved in healthy ageing (Mullet et al., 2013; Rubin & Berntsen, 2009; Warden et al.,
2019) will be significantly compromised in the earliest stages (prodromal and even
preclinical) of AD. The hypothesis also predicts that cognitive tasks based on spontaneous
retrieval will be more sensitive to early cognitive deterioration than tasks relying on deliberate
and effortful encoding and retrieval processes.

It is a counterintuitive claim, as it seems that such effortless processes would decrease
later than more demanding strategic functions. This may be the reason why clinicians have
been using cognitive tests that involve strategic encoding and retrieval processes to detect
AD. However, recent neuropsychological studies on AD etiology have shown that structures
responsible for involuntary, effortless retrieval degenerate much earlier than structures in the
prefrontal cortex that are responsible for strategic processing - see Kvavilashvili et al., (2020)
for a review of evidence. Aggregation of tau-positive neurofibrillary tangles in the medial
temporal lobe (Braak & Braak, 1991) and the presence of senile plaques in the posterior
cingulate cortex (Buckner et al., 2008) were observed earlier than changes in the prefrontal
lobe. The medial temporal lobe and the posterior cingulate cortex are interconnected and are
part of the Default Mode Network of the brain (Raichle, 2015), which is associated with
effortless spontaneous cognition (Christoff et al., 2016). As the authors of the hypothesis

suggest (Niedzwienska & Kvavilashvili, 2018), the fact that neurodegenerative changes are



found in these structures earlier than those in the prefrontal cortex, which is linked to
deliberate cognition, may be an argument for considering spontaneous retrieval deficits as the
earliest markers of dementia.

Many functions associated with involuntary cognition are associated with default
mode network activities, such as mind-wandering (Niedzwienska & Kvavilashvili, 2018) or
prospective memory (Niedzwienska et al., 2017). These phenomena are experienced
repeatedly throughout the day, usually while performing undemanding tasks (Schlagman &
Kvavilashvili, 2008). Although they seem to vary greatly, they all share a similar mechanism:
they occur without the intention and effort of the person (Kvavilashvili et al., 2020).
Importantly, for each of these functions, there have been documented deficits in individuals
with prodromal and early AD, providing empirical evidence for the SRD hypothesis (Chi et
al., 2014; Gyurkovics et al., 2018; McDaniel et al., 2011; Niedzwienska et al., 2017;
Niedzwienska & Kvavilashvili, 2018).

Mind-wandering is the main phenomenon associated with involuntary cognition. The
term refers to the situation where people, during a certain activity, start thinking about
something not related to the ongoing activity, without their intention to do so (Schooler et al.,
2011). Mind-wandering was the first spontaneous function that was linked to the activity of
Default Mode Network of the brain and triggered the current discussion on spontaneous
cognition (Kvavilashvili et al., 2020). Many studies explored the relationship between mind-
wandering and age-related cognitive changes in healthy older adults (e.g., Krawietz et al.,
2012; Maillet & Schacter, 2016). An interesting methodological approach to this issue is the
study of Maillet and Schacter (2016), in which they compared mind-wandering between
young and older adults. Participants were asked to complete the task, in which they were
asked to decide whether the object presented on the screen was natural or man-made. Once in

a while, the task stopped without warning, and the participants were asked if they had



experienced any thoughts before the appearance of the question. If the answer was
confirmative, they answered more questions to determine whether their thought was
spontaneous, and whether it was triggered by any of the shown pictures. In addition to
comparing an overall number of spontaneous thoughts between the groups, the authors
conducted an additional analysis in which they divided the participants’ thoughts into two
categories: stimuli-dependent thoughts that were triggered by one of the presented pictures,
and stimuli-independent thoughts. Interestingly, the proportion of stimuli-dependent thoughts
in all spontaneous thoughts experienced by older adults was higher, compared to younger
adults. Maillet and Schacter (2016) suggest that since initiating stimuli-independent thoughts
is likely to require more resources, reduced cognitive resources in older adults make them
more dependent on external cues in generating thoughts.

Mind-wandering was also investigated in the context of the SRD hypothesis
(Niedzwienska & Kvavilashvili, 2018). Participants were asked to complete the vigilance
task, during which the thought-triggering cues appeared (with positive, negative, or neutral
emotional valency). Once in a while, the task stopped, and participants were asked if they had
experienced any thoughts just before they were stopped. The results showed that individuals
with amnestic Mild Cognitive Impairment (aMCI), which is a prodromal stage of AD,
reported significantly less spontaneous, task-unrelated thoughts than healthy adults, and the
vast majority of spontaneous thoughts were triggered by cues presented on the screen. The
authors interpret these results as supporting the SRD hypothesis and suggest that spontaneous
retrieval deficits may be particularly pronounced in stimulus-dependent spontaneous
processing. In another study in this area (Gyurkovics et al., 2018) involving older individuals
in an early stage of AD, participants completed a simple go-no-go task, which was
occasionally stopped by the screen with questions about thoughts that participants might have

experienced. Similarly to the study of Niedzwienska & Kvavilashvili (2018), participants in



an early stage of AD demonstrated a reduced number of task-unrelated thoughts compared to
healthy older adults.
1.3. The need to develop sensitive methods for measuring spontaneous retrieval

Given that a certain amount of behavioral evidence has accumulated in favor of the
SRD hypothesis over the past few years (see Kvavilashvili et al., 2020 for the review), it
seems that, although there is still much to uncover in this matter, it is the right time to start
switching from testing the hypothesis per se to testing the robustness of the effect, and
developing new methods able to detect spontaneous retrieval deficits in vulnerable groups in
the earliest stages of dementia. Furthermore, it is important to determine a specific type of
spontaneous processing (top/bottom, or bottom/top) in which the deficits are most pronounced
to clarify the characteristics of the tasks that should be used to detect them. The final stage
would be to introduce the SRD hypothesis into clinical practise.

To determine the parameters that the task must meet in order to best capture the effect
of spontaneous retrieval deficits, it is necessary to compare studies in which the effect was
found and those in which it was not. In studies that showed deficits in mind-wandering in
clinical groups (Gyurkovics et al., 2018; Niedzwienska & Kvavilashvili, 2018), experimental
tasks shared number of similarities: a) the main ongoing task was very undemanding; b) it
included thought-probes, i.e., participants were asked to answer the questions about their
thought content in the indicated moments; c) the distinction was made between off-task
thoughts and on-task thoughts. Furthermore, the task used by Niedzwienska & Kvavilashvili
(2018), required participants to determine whether the thought they had experienced was
deliberate or spontaneous.

In contrast, two studies did not find reduced mind-wandering in clinical groups
(O’Callaghan et al., 2019; Rasmussen et al., 2021). In O’Callaghan et al.’s study (2019),

people with probable AD and healthy controls did not differ in the frequency of on- and off-



task thoughts reported during a shape expectations task. In Rasmussen et al.’s (2021) study,
participants watched an audiovisual material that presented popular activities, people, and
songs of their youth, and the comments that the participants had made during the film and
shortly after were recorded. Individuals with mild to moderate AD did not have less
comments related to autobiographical memories, compared to the control group.

However, unlike Niedzwienska & Kvavilashvili (2018), neither of these studies
investigated whether off-task thinking (O’Callaghan et al., 2019) or comments about the film
(Rasmussen et al., 2021) were based on spontaneous or intentional thoughts. Since there is
empirical evidence to show that participants deliberately engage in task-unrelated thoughts
(Plimpton et al., 2015; Seli et al., 2016; Warden et al., 2019), not all trials with off-task
thoughts can be considered spontaneous retrieval. Therefore, the lack of deficits may be due
to the fact that the reduction in spontaneous task-unrelated thoughts in clinical groups may be
obscured by the unreduced number of deliberate thoughts in the early stages of AD. In
Rasmussen et al.’s (2021) study, contrary to the studies that found reduced mind-wandering in
aMCI and early AD (Gyurkovics et al., 2018; Niedzwienska & Kvavilashvili, 2018), there
were no thought-probes, but participants commented on the film whenever they felt like doing
it. Therefore, the study may have measured inhibition control rather than spontaneous
retrieval efficiency, as AD participants, due to reduced inhibition, may have felt less reluctant
to share their thoughts.

An important factor that could have contributed to the lack of group differences in
mind-wandering in the study by O’Callaghan et al. (2019) was that, unlike Niedzwienska &
Kvavilashvili (2018), the ongoing task during which thought-probes were administered did
not include meaningful stimuli. The results of previous studies suggest that, when exposed to
meaningful stimuli, which can serve as thought-evoking cues, participants most often report

stimulus-dependent thoughts, i.e., thoughts directly related to the stimuli present in the
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environment (Plimpton et al., 2015; Warden et al., 2019). Given this observation, it is
important to consider the distinction between stimulus-dependent and stimulus-independent
thoughts when analysing mind-wandering data. This distinction is supported by fMRI studies
that show that the posterior cingulate cortex, a key hub of the Default Mode Network, is
crucially involved in the manifestation of spontaneous thoughts in response to stimuli
encountered in the environment (Beck et al., 2014; Lamichhane et al., 2018; Spreng et al.,
2018). Based on the distinction between stimulus-independent and stimulus-dependent mind-
wandering, the SRD hypothesis stipulates that aMCI and very mild AD cause deficit mainly
within the spontaneous, but bottom-up and cue-driven, retrieval processes for which the
presence of meaningful cues is essential (Kvavilashvili et al., 2020; Plimpton et al., 2015).
One of the goals of my project was to investigate whether the quality of stimuli present in the
environment influences the size of reduction in mind-wandering in clinical groups, which
would provide evidence for the claim that the deficit is most pronounced in bottom-up
spontaneous processing.

Taking into account the characteristics of the studies that managed and did not manage
to capture the spontaneous retrieval deficit in clinical groups, it is possible to list the optimal
parameters of the experimental task that would maximise the chance of detecting the deficit.
First, the difficulty of the ongoing task should be low and matched between patients and
healthy controls to exclude the possibility that cognitive resources, which may be needed for
spontaneous processes, will be much more limited among patients. Second, there should be
stimuli in the environment that have the potential to serve as cues to trigger spontaneous
thoughts. Third, the experimenter must distinguish between spontaneous and intentional task-
unrelated thoughts. Fourth, thought-probes must be used during which participants are
directly asked what they were thinking about, to avoid the impact of group differences in

reluctance to share inner thoughts. Another goal of my project was to verify whether the task
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that meets all the criteria listed above would successfully capture the spontaneous retrieval

deficit in the clinical groups.

1.4. The need to test the SRD hypothesis in new groups at risk of dementia

So far, all studies on the SRD hypothesis have focused on individuals with aMCI or
early AD (see Kvavilashvili et al., 2020 for the evidence). Although the spontaneous retrieval
deficit can be captured in these groups, they are selected from the population of older adults
based on the criteria of their cognitive capacity. To show even more clearly the robustness of
the deficit and provide stronger evidence for the SRD hypothesis, it is necessary to show that
the deficit also emerges in groups with the documented elevated risk of dementia, but not
selected according to cognitive criteria. One of such groups are individuals with periodontal
disease.

In recent years, there has been a rapid shift towards investigating the link between
periodontitis and AD (Asher et al., 2022; Tonsekar et al., 2017). This interest is fully justified
as, unlike AD, periodontitis can be successfully treated. Sufficient evidence for the triggering
role of periodontitis in the process of dementia development would allow clinicians to
successfully assess and reduce the risk of AD indirectly, by treating gum diseases. A
substantial part of the research in this area consists of longitudinal studies (e.g., Chen et al.,
2017; Choi et al., 2019; Ide et al., 2016; C. Y. Lee et al., 2020; Y. L. Lee et al., 2017; Tzeng
et al., 2016). In one of these studies, 60 older adults were evaluated in terms of dementia and
periodontitis. At 6 months of follow-up, people with baseline periodontal disease showed
significantly higher cognitive decline than people without baseline gum disease (Ide et al.,
2016). Similar results were observed in a study with much longer follow-up (10 years) and a
large international sample (30 thousand participants): baseline periodontitis significantly
increased the risk of developing AD (Chen et al., 2017). According to one of the most

common explanations of the relationship between periodontitis and AD, chronic exposure to
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periodontitis-related pathogens, and the inflammatory state in the gum that is caused by them,
trigger the autoimmune response of microglial cells in the central nervous system, leading to
neurodegeneration (Wu & Nakanishi, 2014). Claims about the triggering role of peripheral
gum inflammation in AD etiology are supported by numerous studies that show a significant
relationships between AD and the level of antibodies of periodontitis (Kamer et al., 2009;
Noble et al., 2014; Sparks Stein et al., 2012) .

Despite the data that confirm the relationship between periodontitis and AD, there is
still no clear answer to how periodontitis pathogens could trigger brain inflammation. One
postmortem study showed that brain tissue from AD-affected people, in contrast to healthy
adults, included periodontitis pathogens, suggesting that infection may somehow cross the
blood-brain barrier (Poole et al., 2013). The hypothesis of the brain ,,invaded” by bacteria has
been repeated in many theoretical models regarding this issue (Kamer et al., 2008). One of
them applied the transgenic mouse model, in which AD mice were infected with periodontitis
(Ishida et al., 2017). Then, the speed of cognitive deterioration was compared between AD
mice infected with periodontitis and AD mice without periodontitis. Infected mice cognitively
deteriorated significantly faster, which, according to the authors, may be linked to
inflammation.

The next goal of my project was to investigate, for the first time, whether people with a
high number of symptoms of periodontal disease will show reduction in spontaneous retrieval
(as measured by reduced mind-wandering) when compared to people with a low number or
no symptoms of periodontitis. Such a result can provide strong support for the SRD
hypothesis by demonstrating that the spontaneous retrieval deficit is detectable even in
groups that are selected according to noncognitive criteria, and thus proving its robustness
and effectiveness in early detection of very subtle changes in individuals with an elevated risk

of dementia. So far, there has been only some support for the relationship between
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periodontitis and spontaneous retrieval coming from the two studies that analysed the
relationship between periodontitis and prospective memory (Bergdahl et al., 2007; Manchery
et al., 2021). Poorer periodontal health was associated with poorer event-based prospective
memory, but not with the other type of prospective memory (time-based). The analyses of
prospective memory mechanisms (McDaniel & Gilles, 2000, 2007) suggest that performance
in event-based tasks can be based on the spontaneous retrieval of intended actions, whereas

time-based tasks require strategic and effortful retrieval.

2. Overview of the research program

The main objective of the research was to test the robustness of the spontaneous
retrieval deficit in groups with an elevated risk of developing AD and to provide stronger
support for the SRD hypothesis. Specific objectives were: (1) to provide further support for
the SRD hypothesis by showing that if a cognitive task meets certain criteria, it is capable of
showing the spontaneous retrieval deficit, measured by reduced mind-wandering, in the
prodromal stage of AD, i.e., aMCl, (2) to demonstrate that the size of this deficit will depend
on the quality of stimuli present in the environment, and therefore support the claim that the
deficit is particularly pronounced in bottom-up and stimulus-dependent processing, (3) to
demonstrate the spontaneous retrieval reduction in a group of individuals at a higher risk of
dementia, but not selected on the basis of neuropsychological criteria, i.e., people with a high
number of periodontal disease symptoms, and therefore show that the deficit can be detected
even before the neuropsychological diagnosis of cognitive deterioration is made.

To accomplish these objectives, two studies were conducted.
2.1. Preview of Study 1

Study 1, presented in our paper published in Scientific Reports (Wereszczynski &
Niedzwienska, 2022), served to achieve the first two specific objectives. We expected that, if

the task used meets certain criteria (described in Introduction), aMCI individuals will report
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less mind-wandering than healthy older adults. Based on Niedzwienska & Kvavilashvili
(2018), we also expected that thoughts about the past, compared to thoughts about the future
and present, would most strongly demonstrate the reduction of mind-wandering in aMCI.
Furthermore, we expected that this reduction would be larger after exposing participants to
highly meaningful stimuli than after exposing them to unmeaningful stimuli.

In the first step of the project, we modified a very easy categorisation task that had
been created by Maillet and Schacter and used to measure mind-wandering in healthy adults
(Maillet & Schacter, 2016). We modified the task to be able to develop two versions of it: one
version with highly meaningful stimuli, i.e., pictures rated by participants as highly familiar
based on their personal experience, and the other version with unmeaningful pictures, i.e.,
rated by participants as highly unfamiliar.

In the proper study, 54 participants (27 with aMCI and 27 without it) completed both
versions of this task during which they were asked to decide whether the objects depicted in
the pictures on the computer screen were artificial (man-made) or natural: In one version,
objects were highly meaningful to participants; in the other version they were unmeaningful.
The task included thought-probes during which participants described their thought content
the moment before they were stopped, and then used several dimensions to clarify the nature
and content of their thought, if they had any.

We took special care for the clinical group to meet all the diagnostic criteria for aMCl,
described by Petersen (2004). For this purpose, a battery of neuropsychological tests (Hopkins
Verbal Learning Test, California Verbal Learning Test, Addenbrooke’s Cognitive
Examination I11) and questionnaires was administered in individual sessions. The inclusion
criteria for the aMCI group included: (a) the presence of a subjective memory complaint; (b)
objective memory impairment evidenced by a score at or below 1.5 SD of the mean of peers

on at least one test of the neuropsychological screening battery evaluating episodic memory;
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(c) not meeting the criteria of DSM-5 for dementia, (d) preserved general cognitive function
as confirmed by a normal score on the Mini-Mental State Examination (normality cut-off
score: 24) (Measso et al., 1993) ; (e) maintained activities of daily living or slight impairment
in instrumental activities of daily living, confirmed by no more than one item showing
deterioration in the Instrumental Activities of Daily Living subscale of the Nurses'
Observation Scale for Geriatric Patients; (f) absence of severe depression.

We grouped responses in thought-probes into: spontaneous task-unrelated thoughts
(mind-wandering); spontaneous task-related thoughts; deliberate thoughts; no thoughts. The
vast majority of spontaneous task-unrelated thoughts in both groups were stimulus-dependent.

The main findings were in line with our expectations. The aMCI group in general
experienced significantly fewer spontaneous task-unrelated thoughts (less mind-wandering)
than healthy older adults. There were also significantly more “no thoughts” probes in the
aMCI group than in the control group. Furthermore, aMCI individuals reported significantly
fewer spontaneous task-unrelated thoughts (less mind-wandering) than healthy controls when
participants were exposed to highly meaningful stimuli, but not when exposed to
unmeaningful stimuli. Finally, the reduction in mind-wandering in aMCI was most
pronounced for past-oriented, spontaneous, task-unrelated thoughts (involuntary
autobiographical memories).

Reference: Wereszczynski, M., Niedzwienska, A. (2022). Deficits in spontaneous and
stimulus-dependent retrieval as an early sign of abnormal aging. Scientific Reports, 12, 9643.

https://doi.org/10.1038/s41598-022-13745-6 (see Attachment 1)

2.2. Preview of Study 2
Study 2 is presented in our second paper that is currently in press in Scientific Reports
(Wereszczynski, Smigiel, Tomaszewska, Niedzwienska, in press). The manuscript in

Attachment 2 is a revised version of the paper that has been accepted for publication.
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Study 2 served to achieve the third specific objective of the project. We wanted to
show reduced spontaneous retrieval among people who have an elevated risk of dementia, but
are not selected according to neuropsychological criteria, i.e., those with a high number of
periodontitis symptoms, and thus demonstrate that the deficit can be detected before the
neuropsychological diagnosis of cognitive deterioration. Based on the evidence already
collected on the spontaneous retrieval deficit in the prodromal stages of AD, and studies
showing the relationship between AD and periodontitis (see meta-analyses: Asher et al., 2022;
Tonsekar et al., 2017), we expected that cognitively healthy older adults, without any
cognitive deficits related to dementia or other diseases, but with poor periodontal health,
would show reduced mind-wandering. The additional objective of Study 2 was to analyse the
relationship between periodontitis and episodic memory to find out whether periodontitis is
primarily related to AD that, in the earliest stages, manifests itself primarily as memory
deficits, rather than other types of dementia, which, in the earliest stages, show deficits in
other cognitive domains (Auning et al., 2011; Lindau et al., 2000; Roman, 2003). We
expected that poorer periodontal health would be associated with lower performance on the
episodic memory test, rather than on the measure that targets various cognitive abilities, other
than memory.

To achieve these goals, 60 dementia-free community-dwelling older adults performed
the Man-made/Natural Task with though-probes (the same as in Study 1), to measure a level
of their mind-wandering. They also completed a measure of various cognitive abilities
(Addenbrooke’s Cognitive Examination III, from which the memory index was excluded) and
a comprehensive test of episodic memory (California Verbal Learning Test). We took special
care to have a very comprehensive assessment of the subjective and objective periodontal
health of the participants. Subjective oral health was measured by the periodontitis symptom

list filled in by the participants. The objective examination was conducted by a qualified
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dentist in a specialist dental clinic and included two types of evaluation: a) the number and
severity of visible periodontitis-related changes in periodontal tissue, scored for each tooth
sextant with the Community Periodontal Index of Treatment Needs (CPITN), which ranges
from 0 (healthy periodontium) to 4 (pathological gingival pockets indicating the need for
complex treatment); b) the number and type of periodontitis bacteria present in the oral cavity.
The bacteria samples collected in the dental clinic were sent to a specialised biomolecular
laboratory in Germany where the number and type of periodontitis pathogens present within
the periodontium were examined with PET plus.

In line with predictions, the objective and subjective symptoms of poorer periodontal
health were associated with less mind-wandering, further supporting the SRD hypothesis.
There has been a moderate positive correlation between the number of periodontitis-free
sextants (CPITN 1) and the number of spontaneous, task-unrelated thoughts. Negative
associations with mind-wandering were also found for the mean CPITN and the highest
CPITN (for both indices, a higher value indicated poorer periodontal health). Importantly, the
number of subjective periodontitis symptoms reported by the participants was also negatively
associated with the number of spontaneous task-unrelated thoughts. Furthermore, after the
median split according to the number of each periodontitis pathogen, individuals with a high
number of Tannerella forsythia, which was one of the most common pathogens in our sample,
showed significantly less mind-wandering, compared to individuals with a low number of this
pathogen. Finally, again in line with predictions, poorer periodontal health was associated
with worse episodic memory, as demonstrated by numerous associations between the episodic
memory scores and the number of different types of periodontitis pathogens, as well as
between the episodic memory scores and CPTIN 4. In contrasts, no relationships were found
between periodontitis measures and the measure of various cognitive abilities from which

memory was excluded.
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Reference: Wereszczynski, M., Smigiel, A., Tomaszewska, I. and Niedzwienska, A. (in
press). Investigating the Relationship Between Periodontitis and Specific Memory Processes
in the Search for Cognitive Markers of Alzheimer's Disease Risk. Scientific Reports (see

Attachment 2)

3. General discussion
3.1. Implications from Study 1

The primary goal of the Study 1 was to provide new behavioral evidence to support
the SRD hypothesis, which we were able to achieve.

Above all, in line with the SRD hypothesis, aMCI individuals experienced much less
spontaneous task-unrelated thoughts than HC. Second, we demonstrated the robustness of the
spontaneous retrieval deficit by showing, for the first time, that it applies to tasks using
pictorial stimuli. Third, Study 1 was the first to demonstrate that the quality of external
stimuli that could facilitate spontaneous processing affected the size of the spontaneous
retrieval deficit: the reduction of mind-wandering was found with exposure to highly
meaningful stimuli, but not to unmeaningful pictures. This finding shows that the deficit is
most pronounced in spontaneous, but the bottom-up and cue-driven, processes. Finally, again
in line with predictions, the deficit was most apparent in past-oriented, spontaneous, task-
unrelated thoughts. For these involuntary autobiographical memories, the reduction in aMCl
was significant for both highly meaningful and unmeaningful stimuli, but different in size: it
was much larger for highly meaningful pictures.

It is interesting to note that future-oriented thoughts, although much less frequent than
present-oriented thoughts, demonstrated the reduction of mind-wandering in aMCI, albeit
much smaller than that for autobiographical memories. This finding is consistent with the
results of both neuroimaging research (Botzung et al., 2008; Lavallee & Persinger, 2010;

Viard et al., 2011) and behavioural studies (Berntsen & Jacobsen, 2008; D’ Argembeau &
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Van der Linden, 2006; D’ Argembeau & Van Der Linden, 2004; El Haj et al., 2015) that show
that past-oriented and future-oriented thoughts are based on overlapping cognitive processes.
Our finding is thus in line with the results of previous research in suggesting that future-
oriented and past-oriented thoughts can be considered two aspects of the same phenomenon,
i.e., mental time travel, which is the ability to mentally re-experience autobiographical events
and pre-experience possible future occurrences (Tulving, 2002).

Unexpectedly, we found an increase in the number of spontaneous task-unrelated
thoughts in aMCI individuals for unmeaningful stimuli, as compared to highly meaningful
pictures. However, when only past-oriented, spontaneous, task-unrelated thoughts were taken
into account, mind-wandering no longer significantly differed after the exposure of aMCl
participants to unmeaningful stimuli versus highly meaningful stimuli. This suggests that
present-oriented thoughts may have been primarily responsible for this unexpected increase
(future-oriented thoughts were scarce). Such an interpretation is supported by the fact that the
type of stimuli did not influence the number of present-oriented, spontaneous, task-unrelated
thoughts, either in the between-groups or within-groups comparisons.

3.2. Implications from Study 2

The most important findings of Study 2 are several significant associations between
measures of mind-wandering and periodontitis, across subjective and objective indices of oral
health, which should be highlighted — all in the expected direction. Importantly, all but one of
these associations remained significant after adjustment for age, education, and general
cognitive function (measured by MMSE scores). This finding, when considered together with
the fact that quite a few relationships between periodontitis and the California Verbal
Learning Test were no longer significant after adjustment for MMSE scores, serves as an
argument for the advantage of mind-wandering as an early marker of cognitive decline, as it

appears to be less dependent on general cognitive function.
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As for the bacteria analyses, although no significant relationships were found between
the number of periodontitis pathogens and mind-wandering, the between-group comparisons
after the median split showed significantly fewer mind-wandering for picture-related thoughts
oriented either toward the past or future, in the group with an elevated number of Tannarella
forsythia. This is in line with previous studies (Niedzwienska & Kvavilashvili, 2018),
including our Study 1, in which individuals with aMCI had the spontaneous retrieval deficit
primarily within these two types of mind-wandering: stimulus-related thoughts that were
oriented either toward the past or future.

Importantly, we also found many significant associations between episodic memory
indices and periodontitis status, objectively measured by both CPITN and pathogens.
Furthermore, a significant part of these associations remained significant after adjustment for
age, education, and general cognitive function. At the same time, no relationship was found
between periodontitis and the test measuring various cognitive abilities, other than memory.
These findings support the claim that periodontal health is particularly related to episodic
memory and may help to gain a clearer understanding of the association between oral health
and dementia.

3.3. Limitations and future directions

A possible limitation of Study 1 was the use of captioned pictures in the Man-
made/Natural Task, rather than pictures alone. Although thought-probes explicitly asked
participants whether they had any picture-related thoughts, and no participant mentioned
captions, participants might have difficulty distinguishing between caption-induced thoughts
and picture-induced thoughts. This limitation does not change the fact that Study 1 extended
the behavioural data in support of reduced mind-wandering in aMCI to the type of stimuli that
had not been used in previous supportive studies. However, it may lead to a slightly different

theoretical interpretation of this reduction. If thoughts were caption-induced, then semantic-
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to-autobiographical memory priming may have been involved (Mace et al., 2019; Mace &
Unlu, 2020). This priming takes place when processing semantic information (prime) leads to
activation of relevant autobiographical knowledge structures, which increases the likelihood
of evoking related memories. Mace et al. suggest that low-frequency prime words are weakly
associated with the personal experience of participants and therefore may activate very few
autobiographical memories (Mace et al., 2019; Mace & Unlu, 2020). Therefore, it may be
argued that the reduced number of involuntary autobiographical memories in the MCI group
was due to impaired spreading of activation between semantic representations of verbal
primes and related autobiographical memories. Future research may test this theoretical
interpretation of differences between aMCI and healthy ageing. However, it should be noted
that even this alternative interpretation puts emphasis on those deficits in aMCI that are
related to automatic/spontaneous processes in memory.

As for Study 2, one limitation can be weak to moderate associations between
periodontitis status and mind-wandering, and periodontitis status and episodic memory.
Furthermore, these associations were found only for some measures of mind-wandering and
episodic memory. The lack of stronger associations may be due to the characteristics of the
sample that consisted of high-functioning, well educated, and community-dwelling older
adults with a restricted range of periodontal health indices. Since participants were able to
take care of their dental health, the sample did not include many of those with highly
developed periodontal disease. This explanation is in line with the results of previous studies
suggesting that the relationship between oral health and cognitive function is stronger for
groups with a lower overall and a wider range of oral health status (e.g., residents of nursing
homes), compared to high-functioning, community-dwelling older adults (Manchery et al.,

2021; Zenthofer et al., 2014). To ensure greater variance in periodontitis status, future studies
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on the relationship between periodontitis and specific memory processes can recruit both high
functioning community-dwelling adults and residents of nursing homes.

It should be noted that the pattern of our results in Study 2 suggests that mind-
wandering was more associated with CPITN scores and subjective evaluation of periodontal
symptoms, while episodic memory was more associated with the number of pathogens and
CPITN scores, with most associations found with the number of sextants most severely
affected by the disease (CPITN 4). It may be due to the fact that the three measures of oral
health applied in our study provide somewhat different types of information on oral health
status. The number of bacteria represents the current scale of infection with certain types of
periodontitis pathogens, while CPITN describes the visible changes in the structure of the
gums caused by periodontitis over the years. These changes are caused by gingivitis, but can
remain observable even after the gingivitis infection is treated or decreased (Jarvensivu,
2004). This reasoning is supported by our additional analyses in which a significant
relationship was found between the number of bacteria and the number of CPITN 4 sextants,
but not the other three CPITN codes that indicated better oral health, or the number of
periodontitis symptoms listed by the participants. Therefore, the pattern of relationships may
suggest that mind-wandering is more related to cumulative changes caused by well-managed
disease over the years, while episodic memory is more related to the most severe changes in
the gums caused by poorly managed periodontitis. Future studies may address this issue more
directly.

Since Study 2 was a single-assessment cross-sectional study, only further longitudinal
research can clearly indicate the causal direction behind the relationships that we
demonstrated. Of particular interest would be the use of prospective longitudinal studies to
investigate how simple tasks relying on spontaneous retrieval will compare with standard

neuropsychological tests currently used, in terms of early detection of MCI and predicting
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conversion rates to AD. Finally, future studies may investigate the relationship between
deficits in spontaneous cognitions and biological markers of AD (e.g., amyloid plaques or the
ApoE4 gene).
3.4. Contribution and perspectives

Our studies provide several important contributions to the search for early cognitive
markers of the preclinical and prodromal stages of AD. Although the SRD hypothesis has
been supported by the results of several behavioral studies, it needs further verification and
elaboration to be able to improve the current diagnostic methods of neurodegenerative
disorders. Study 1 provides strong new support for this hypothesis, and shows that it is the
spontaneous, but bottom-up and cue-driven processes, for which meaningful environmental
stimuli are crucial, that are very promising early markers of the disease. As for practice, our
findings may help researchers develop new and simple cognitive tests to assess spontaneous,
stimulus-driven processes, which may be used clinically to detect early cognitive deterioration
and predict the conversion to AD. In addition to meeting the criteria listed in the Introduction,
e.g., undemanding ongoing task, thought probes, distinguishing between spontaneous and
deliberate thoughts, such tests should provide patients with highly meaningful environmental
stimuli. Our findings suggest that, for healthy older adults, in contrast to individuals with
aMCl, such an environment stimulates spontaneous task-unrelated thoughts in general, and
past-related thoughts in particular.

Study 2 is the first study to focus directly on measuring the relationship between
periodontitis and mind-wandering. Most research on the link between AD and periodontitis
was based on a traditional, sometimes superficial, neuropsychological assessment. My project
is not only the first to describe people with periodontitis in terms of a cognitive process that
has never been investigated in this group, i.e., spontaneous retrieval. It also integrates data

from psychological tools and modern biomolecular tests. Data collected in this manner enable
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further improvement of modern neuropsychological diagnostic methods and may significantly
enrich current knowledge on the etiology of AD.

Furthermore, Study 2 is an important voice in the discussion of the relationship
between dementia and periodontitis. A particular link between periodontitis and memory
ability suggests that periodontal health may be primarily related to an elevated risk of
Alzheimer’s type dementia, the early stages of which, unlike other types of dementia,
manifest with memory impairment (Auning et al., 2011; Lindau et al., 2000; Roman, 2003).
This conclusion is supported by the results of biomolecular studies that have shown
associations between periodontitis and specifically AD, e.g., the presence of periodontitis
bacteria’s DNA in cerebrospinal fluid from individuals with probable AD (Dominy et al.,
2019) or increased production of B-amyloid and tau protein in mice’ brain after chronic oral
exposure to periodontitis pathogen (llievski et al., 2018).

Therefore, our results, by showing the associations of periodontitis with memory
ability and the specific memory process, expand the accumulating data that show that
periodontitis is particularly related to the elevated risk of AD, which has important
implications for early identification of AD risk and clinical practise. It suggests that the
presence and severity of periodontitis should be considered when projecting the probability of
progression to AD in preclinical groups or when developing questionnaires and clinical
inventories designed to assess such risk. As for clinical practise, it shows the importance of
taking special care of gingival health in individuals with an elevated likelihood of progression

to AD as a means of reducing the risk of progression.
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Deficits in spontaneous
and stimulus-dependent retrieval
as an early sign of abnormal aging

Michat Wereszczynski©" & Agnieszka Niedzwienska

Research on early cognitive markers of Alzheimer’s disease is primarily focused on episodic memory
tests that involve deliberate retrieval. Our purpose was to provide clear evidence to support a

novel Spontaneous Retrieval Deficit hypothesis, which predicts that people at pre-clinical stages of
dementia, including those with amnestic Mild Cognitive Impairment (aMCl), are particularly impaired
on tasks based on spontaneous retrieval. We compared 27 aMCl individuals and 27 healthy controls on
mind-wandering while performing a task during which there were exposed to either highly meaningful
or unmeaningful pictures. The substantial reduction in mind-wandering among individuals with aMCl
was found with exposure to highly meaningful stimuli, but not to unmeaningful pictures, and it was
most pronounced for past-oriented thoughts, i.e., involuntary autobiographical memories. Those
findings provide strong support for this novel hypothesis, and show that it is the spontaneous, but
bottom-up and cue-driven processes, for which meaningful environmental stimuli are crucial, that are
very promising early markers of the disease.

With increased life expectancy, the number of older adults diagnosed with Alzheimer’s disease (AD) continues
to grow'. Impairment of declarative memory, one of the key symptoms indicating AD, is associated with cerebral
pathological changes which may start years, or even decades, before the clinical diagnosis of dementia®?. In the
absence of effective drug treatment, research has increasingly focused on identifying individuals most at risk
of developing AD who could most likely benefit from early disease management and care*. One such group are
those with various forms of Mild Cognitive Impairment, the most prevalent being amnestic MCI (aMCI). It
manifests in subjective and objective memory deficits, as evidenced by the performance on episodic memory
tests, without the loss of functional independence that is characteristic of AD* Individuals with aMCI have
increased yearly conversion rates to AD (10-15%) and are more likely than normally aging adults to have brain
pathology characteristic of AD*>*.

A novel hypothesis has been recently formulated which stipulates that spontaneous (i.e., unintentional and
effortless) retrieval processes, which are generally preserved in healthy aging®, will be significantly compromised
in individuals with aMCI, and at the earliest stages of AD’. It also argues® that cognitive tasks that are based on
spontaneous retrieval may be more sensitive to early cognitive deterioration than tasks that rely on deliberate and
effortful encoding and retrieval. Deliberate processes are mediated by executive and attentional control regions
in the prefrontal cortex which become substantially compromised at later stages of AD. Since all currently used
neuropsychological tests of episodic memory rely on deliberate memory processes, the hypothesis, if confirmed,
can transform the current theoretical understanding of the most effective early cognitive markers of the disease.

The spontaneous retrieval deficit hypothesis (the SRD hypothesis) is based on the results of the neuroim-
aging studies showing that, during the etiology of AD, neurological structures of the Default Mode Network
(DMN) tend to degenerate much earlier than other parts of the central nervous system (see °, for a review of
evidence). The first signs of neuropathological changes within AD tend to occur in posterior parts of the cortex,
with the anterior and dorsolateral prefrontal cortex remaining relatively intact'®!!, resulting in disproportionate
temporoparietal atrophy in the early stages of the disease'>'*. The pathology involves the accumulation of tau-
positive neurofibrillary tangles in medial temporal lobe structures, spreading from the entorhinal cortex to the
hippocampus'4, and the formation of p-amyloid plaques in the medial prefrontal and posteromedial cortices,
especially in the posterior cingulate cortex and adjacent areas'>'®. These neuropathological processes, especially
B-amyloid accumulation, may progress insidiously, for many years, along a slow pre-symptomatic course before
clinical symptoms are evident*.
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Importantly, the posterior cingulate cortex, medial temporal lobe, and medial prefrontal cortex are anatomi-
cally and functionally strongly interconnected and form part of the DMN'”'8, DMN activity has been tradition-
ally linked to mind-wandering, which involves spontaneous shifts of attention from the external world to one’s
inner thoughts'>?. Links between mind-wandering and increased DMN activity have also been demonstrated in
several fMRI studies (see’, for a review of evidence). Mind-wandering share similar characteristics with several
other phenomena of spontaneous cognitions such as, for example, involuntary autobiographical memories*"?,
or those aspects of prospective memory that involve effortlessly remembering previously intended actions in
response to a particular target event*>**. What these phenomena share with mind-wandering episodes is that
thoughts and memories come to mind spontaneously and effortlessly, without any deliberate intention to think
about them.

A few recent behavioural studies support the SRD hypothesis by showing the deficit of spontaneous retrieval
in individuals with aMCI, and at early stages of AD, in prospective memory?~* and mind-wandering®*%.
Niedzwieniska and Kvavilashvili*® used thought probes alongside an easy vigilance task, during which cue phrases,
irrelevant to the ongoing task, were frequently presented. Participants with aMCI reported significantly fewer
spontaneous task-unrelated thoughts than healthy older adults, especially thoughts about past (i.e., involuntary
autobiographical memories). Importantly, the vast majority of spontaneous thoughts were triggered by irrelevant
cue phrases. The decrease in the frequency of task-unrelated thoughts were also found among patients with very
mild to mild AD, as compared with healthy controls, while performing the Sustained Attention to Response
Task, with thought probes®.

However, two behavioral studies did not find support for the SRD hypothesis®®*!. Patients with probable
AD and healthy controls did not differ in the frequency of on- and off-task thoughts reported during a shape
expectations task®. However, by contrast to?, this study also did not examine whether participants’ off-task
thoughts were spontaneous or intentional, and, second, participants were not exposed to meaningful stimuli
during the ongoing task. With regard to the first issue, it has been shown that participants report engaging in
task-unrelated thoughts deliberately®*>*, and therefore not all task-unrelated thoughts qualify as spontane-
ous cognitions. As to the second issue, an important distinction between stimulus-independent and stimulus-
dependent mind-wandering has been proposed’**: i.e., thoughts may occur without any noticeable trigger or pop
into mind in response to a cue which could be an incidental stimulus in the external environment. Distinguishing
stimulus-dependent mind-wandering is supported by empirical evidence showing that when participants are
exposed to meaningful incidental stimuli, stimulus-dependent spontaneous thoughts is the norm rather than
the exception, both in the laboratory®* and in everyday life®. FMRI studies also show that the posterior cingulate
cortex, a key hub of the DMN, is crucially involved in the manifestation of spontaneous thoughts in response
to stimuli encountered in the environment*-%’. Based on the distinction between stimulus-independent and
stimulus-dependent mind-wandering, the SRD hypothesis stipulates that aMCI and very mild AD primarily
penalise spontaneous, but bottom-up and cue-driven, retrieval processes for which the presence of meaningful
cues is essential® (see also™?).

The other study, which did not find support for the SRD hypothesis, asked participants to watch an audio-
visual material which presented common activities, famous actors and popular songs from the period corre-
sponding to participants’ youth?!. The experimenter recorded participants’ commentaries that they were making,
unprompted, during the film and briefly after that. Although participants with mild to moderate AD shared more
commentaries relating to autobiographical memories, as compared with healthy controls, again the experimenter
did not examine whether their commentaries were based on thoughts that had entered their mind spontane-
ously or whether they had deliberately decided to think about them. Importantly, in contrast to all previous
studies that examined mind-wandering in aMCI and mild AD by using thought probes?®?, participants were
not systematically asked to reveal their thoughts. Therefore, the study may have measured inhibitory control
rather than spontaneous retrieval efficiency, and a lower number of commentaries in healthy controls may have
reflected a greater reluctance to share their thoughts. This explanation is partially in line with the authors’ sug-
gestion that deficits in inhibitory control made patients less able to hold back emotion-expressive behavior when
being exposed to emotionally arousing material®'.

Therefore, we suggest that discrepant findings regarding the SRD hypothesis may be due to the fact that
previous studies have used tasks that, to varying degrees, meet the criteria that are necessary to capture group
differences in spontaneous and cue-driven retrieval processes. First, the ongoing task difficulty needs to be low
and matched between patients and healthy controls to exclude the possibility that cognitive resources, which
could be disposed for spontaneous processes, will be much more limited among patients. Second, there should
be stimuli in the environment that have the potential to serve as cues to trigger spontaneous thoughts. Third,
the experimenter needs to distinguish between spontaneous and intentional task-unrelated thoughts. Fourth,
thought probes need to be used during which participants are directly asked what they were thinking about, to
avoid the impact of group differences in reluctance to share inner thoughts.

The first goal of our study was to test the SRD hypothesis while using a task that meets all the necessary criteria
to capture spontaneous and cue-driven retrieval processes. Second, we tested the robustness of the spontaneous
retrieval deficits by investigating whether they generalise to situations when individuals are exposed to potential
cues that are different in their nature to the ones used so far. Since behavioral evidence for the SRD hypothesis
comes from the studies that used verbal®® or digital29 stimuli, we used pictures as potential cues. Third, to test
the prediction that it is spontaneous, but bottom-up and cue-driven, retrieval processes that are impaired in
aMCI, and that it is meaningful cues that are essential for eliciting such processes, we investigated, for the first
time, whether highly meaningful stimuli would better enable to demonstrate spontaneous retrieval deficits in
aMCI, compared to unmeaningful stimuli.

To accomplish these goals, we used a task of distinguishing between natural and man-made objects, visually
presented®, with participants with aMCI and matched healthy older controls. Both groups were given thought
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Figure 1. Mean number of thought probes as a function of response type (spontaneous task-related thoughts
vs. spontaneous task-unrelated thoughts vs. deliberate thoughts vs. no thoughts) and group (aMCI participants
vs. healthy controls).

probes. We developed two versions of the task: one with highly meaningful pictures, i.e., rated by participants
as highly familiar based on their personal experience, and the other version with unmeaningful pictures, i.e.,
rated by participants as highly unfamiliar based on their personal experience. Strictly speaking, unmeaningful
objects were not completely unknown to participants, but, judging by the familiarity ratings, they had not been
present, or had been present very rarely, in participants’ individual past, and therefore had no, or very little,
personal meaning to them.

In line with the SRD hypothesis, we expected that aMCI participants would report significantly fewer spon-
taneous task-unrelated thoughts than healthy controls (HC). We also expected that the reduction of spontane-
ous thoughts in aMCI would manifest more strongly with exposure to highly meaningful stimuli, compared to
exposure to unmeaningful stimuli. Based on®®, we also expected thoughts about past, compared to thoughts about
future and present, to most strongly demonstrate the reduction of spontaneous thoughts in aMCI.

Results
The alpha level adopted for determining significance of the results was set at 0.05. The effect size was measured by
partial eta squared, npz (small 0.01, medium 0.06, large 0.16) or Cohen’s d (small 0.20, medium 0.50, large 0.80).

Types of responses recorded during the task. To test the SRD hypothesis, and based on participants
answers whether they had any thought at a thought probe, and if yes, whether it was related to the experience
of doing the Man-made/Natural Task, and whether it was spontaneous or deliberate, we grouped participants’
responses into: (1) spontaneous task-unrelated thoughts; (2) spontaneous task-related thoughts (3) deliberate
thoughts; (4) no thoughts. The vast majority of spontaneous task-unrelated thoughts in both groups were stim-
ulus-dependent (91% in aMCI and 81% in HC).

To assess the hypothesis that aMCI participants would report significantly fewer spontaneous task-unrelated
thoughts than HC, the mean number of thought probes in each of the 4 response types (spontaneous task-
related, spontaneous task-unrelated, deliberate, no thoughts) were entered into a MANOVA with group (HC
vs aMCI) as a between-subject factor. There was a significant main effect of group [F (3, 50) =3.075, p=0.036;
n,°=0.156] (Fig. 1). As expected, participants with aMCI experienced significantly fewer spontaneous task-
unrelated thoughts than HC [F (1, 52) =7.672, p=0.008; 1),>=0.129]. There were significantly more “no thoughts”
probes in aMCI individuals than in HC [F (1, 52) = 5.299, p=0.025; 1),> = 0.092]. No other group differences were
significant (all group comparisons in “Supplementary Material”).

Spontaneous task-unrelated thoughts as a function of stimulus type. To assess the hypothesis
that spontaneous retrieval deficits in the aMCI group would be particularly pronounced with exposure to highly
meaningful stimuli, as compared with exposure to unmeaningful stimuli, the mean number of thought probes
with spontaneous task-unrelated thoughts was entered into a 2 group (HC vs. aMCI) by 2 stimulus type (highly
meaningful vs. unmeaningful) mixed ANOVA with the repeated measure on the second factor. There was a
significant main effect of group [F (1, 52) =7.678, p=0.008; 1),>=0.129], and a significant group by stimulus type
interaction [F (1, 52)=9.728, p=0.003; n,”=0.158] (Fig. 2). As predicted, aMCI participants reported signifi-
cantly fewer spontaneous task-unrelated thoughts than HC when exposed to highly meaningful stimuli [F (1,
52)=14.412, p=0.000; npz =0.217], but not when exposed to unmeaningful stimuli [F (1, 52)=2.135, p=0.150;
1, =0.039]. The number of spontaneous task-unrelated thoughts did not significantly differ for highly meaning-
ful and unmeaningful stimuli in HC [F (1, 52) =3.645, p=0.062; n),>=0.066], but aMCI participants had more
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Figure 2. Mean number of thought probes with spontaneous task-unrelated thoughts as a function of stimulus
type (highly meaningful vs unmeaningful) and group (aMCI participants vs. healthy controls).
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Figure 3. Mean number of thought probes with spontaneous task-unrelated thoughts as a function of temporal
orientation (present vs. past vs. future) and group (aMCI participants vs. healthy controls).

spontaneous task-unrelated thoughts for unmeaningful stimuli compared to highly meaningful stimuli [F (1,
52)=6.258, p=0.016;1),>=0.107] (all comparisons in “Supplementary Material”).

Spontaneous task-unrelated thoughts as a function of thought temporality. To assess the
hypothesis that thoughts about past events (i.e. involuntary autobiographical memories) would most strongly
demonstrate the reduction of spontaneous thoughts in participants with aMCI, the mean number of spontaneous
task-unrelated thoughts was entered into a 2 group (HC vs. aMCI) by 3 temporal orientation (future vs. past vs.
present) mixed ANOVA with the repeated measure on the second factor. There were significant main effects of
group [F (1, 52) =8.041, p=0.006; n,>=0.134] and temporal orientation [F (2, 51) =33.78, p=0.000; 1),>=0.570].
These effects were qualified by a significant group by temporal orientation interaction [F (2, 51) =9.50, p=0.000;
n,”=0.272] (Fig. 3). As predicted, aMCI participants had significantly fewer past-oriented thoughts than HC
[F (1, 52) =21.482, p=0.000; 1),> = 0.292]. This difference was also significant for future-oriented thoughts, with
ﬁuch sxln)aller effect size [F (1, 52)=5.136, p=0.028; np2=0.090] (all group comparisons in “Supplementary
aterial”).
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Figure 4. Mean number of thought probes with spontaneous, past-oriented, and task-unrelated thoughts as
a function of stimulus type (highly meaningful vs unmeaningful) and group (aMCI participants vs. healthy
controls).

Man-made/natural task | aMCI (n=27)* Healthy controls (n=27) |t af |p d

Accuracy 0.91 (0.12) 0.96 (0.02) -194 |52 |0.057 |0.58
Response time (ms) 2096.05 (542.15) | 1889.65 (345.41) 1.66 |52 |0.101 |0.45
Invalid answers 32.37 (41.30)** 10.14 (8.14) -298 |52 |0.008 |0.71
Interest® 7.96 (2.08) 6.84 (3.04) 1.54 |50 |0.129 |0.43

Table 1. Mean (standard deviation) accuracy, response time, invalid answers and interest ratings for the man-
made/natural task in participants with aMCI and healthy controls, and results of independent samples T-test.
aMCI amnestic Mild Cognitive Impairment. Differences between aMCI and HC are indicated by ** p <0.01.
aExcept for the interest ratings that were not provided by two participants (one in each group). "Task interest
ratings were made on a 10-point scale (1 =very boring; 10 =very interesting).

Past-oriented thoughts (involuntary autobiographical memories) as a function of stimulus
type. Since the reduction of spontaneous task-unrelated thoughts in aMCI was most strongly pronounced in
involuntary memories, we conducted additional analyses to investigate whether the quality of stimuli influenced
the size of the reduction in memories in the same way as it was predicted, and indeed found, for spontaneous
task-unrelated thoughts overall. Therefore, the mean number of thought probes with past-oriented, spontaneous
and task-unrelated thoughts was entered into a 2 group (HC vs. aMCI) by 2 stimulus type (highly meaningful
vs. unmeaningful) mixed ANOVA with the repeated measure on the second factor. There was a significant main
effect of group [F (1, 52) =21.482, p=0.000; 1,>=0.292], and a significant group by stimulus type interaction
[F (1, 52)=5.348, p=0.025; nP2=0.093] (Fig. 4). Individuals with aMCI had significantly fewer past-oriented
thoughts than HC for both highly meaningful and unmeaningful stimuli, but, as it could be expected, the effect
size of this difference was much bigger for highly meaningful stimuli [F (1, 52)=31.991, P=0.000; n,>=0.381]
compared to unmeaningful stimuli [F (1, 52) =6.952, p=0.011; npz =0.118]. No other effects were significant (all
comparisons in “Supplementary Material”).

Potential confounds to spontaneous retrieval deficits. It may be argued that the Man-made/Natural
Task was easier, and therefore more boring, for HC, compared to aMCI individuals, which made them mind-
wander more. In a similar vein, the Man-made/Natural Task may have been more difficult for aMCI individuals,
and therefore they did not have enough cognitive resources left for spontaneous processes. However, the data
indicate otherwise (Table 1). Both groups performed at ceiling on the Man-made/Natural Task, and they did
not differ on any of the performance measures (the percentage of correct answers out of all answers provided
and mean response time), except for the number of invalid answers caused by pressing the wrong keyboard but-
ton or missing an answer. Furthermore, the groups expressed the same level of interest in the task. However, to
exclude this alternative explanation of group differences in mind-wandering, we investigated whether the level
of performance on the Man-made/Natural Task influenced the pattern of group differences in the number of
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spontaneous task-unrelated thoughts. The mean number of spontaneous task-unrelated thoughts was entered
into a one-way ANCOVA, with group as a between-subject factor and the three measures of performance on
the Man-made/Natural Task as covariates. None of the covariates was significant: mean response time [F (1,
49)=0.196; p=0.660; npz =0.004]; number or invalid answers [F (1, 49) =0.915; p=0.344; r]pz =0.018]; percent-
age of correct answers [F (1, 49)=2.702; p=0.107; 1,>=0.052]. The main effect of group was significant [F (1,
49)=7.003; p=0.011; qu =0.125], such that aMCI participants continued to mind-wander less, after controlling
for performance on the Man-made/Natural Task. This speaks against the task difficulty as being a potential con-
found to spontaneous retrieval deficits.

It may also be argued that the group differences in cognitive functions, other than memory retrieval, may
explain less mind-wandering in aMCI. Again, to exclude this alternative explanation, we investigated whether
other cognitive functions, as measured by the Addenbrooke’s Cognitive Examination-III (ACE-III), influenced
the pattern of group differences in the number of spontaneous task-unrelated thoughts. The mean number of
spontaneous task-unrelated thoughts was entered into a one-way ANCOVA, with group as a between-subject
factor and a composite score on the ACE-III, which included the attention, fluency, language and visuospatial
abilities subscales, as a covariate. The covariate was not significant [F (1, 51)=0.126 p=0.724; npz =0.002]. The
main effect of group was significant [F (1, 51) =6.282; p=0.015; n,>=0.110], such that aMCI participants contin-
ued to mind-wander less, after controlling for performance on the ACE-III. This speaks against the differences
in other cognitive functions as being potential confounds to spontaneous retrieval deficits.

The aMCI group and HC did not differ in their ratings of how difficult the task of categorizing thoughts was
for them (p=0.265).

Discussion

A recently formulated SRD hypothesis stipulates that tasks based on spontaneous retrieval are most compromised
in aMCI and at early stages of AD, and are better early cognitive markers of the disease, compared to tasks that
rely on deliberate episodic memory processes’. This hypothesis is highly counterintuitive because it challenges
current theories of cognitive aging®®*’ which predict that both typical and atypical aging predominantly impair
performance on difficult cognitive tasks that rely on deliberate and strategic processes. It also speaks against the
current practice of the dementia diagnosis which involves neuropsychological tests based on strategic encoding
and retrieval processes. However, recent neuropsychological studies have shown that the structures responsible
for spontaneous retrieval degenerate much earlier during the dementia development than those mediating
strategic memory processes'®!1-14-16,

The primary goal of the present study was to provide more conclusive behavioral evidence to support the SRD
hypothesis. To this aim, we compared individuals with aMCI and healthy controls in terms of mind-wandering
while performing the task that met all the criteria to capture spontaneous stimulus-dependent retrieval, and
included either highly meaningful or unmeaningful pictorial stimuli. Several important findings emerged from
this comparison that provide very strong support for the SRD hypothesis.

Most importantly, in line with the SRD hypothesis, individuals with aMCI experienced significantly less
spontaneous task-unrelated thoughts than HC. Second, we demonstrated the robustness of the spontaneous
retrieval deficits by showing that, for the first time, for pictorial material. Third, the present study is the first
to demonstrate that the quality of stimuli in the environment, which could potentially trigger spontaneous
thoughts, impacts the size of the spontaneous retrieval deficits. This finding unequivocally supports the claim
that the deficits involve spontaneous, but the bottom-up and cue-driven, processes. As predicted, the reduc-
tion in spontaneous task-unrelated thoughts was found with exposure to highly meaningful stimuli, but not to
unmeaningful pictures. Finally, in accordance with?® and our hypothesis, the deficits were most pronounced for
past-oriented, spontaneous, task-unrelated thoughts (involuntary autobiographical memories). For such thoughts
the deficits were significant for both highly meaningful and unmeaningful stimuli, but varied in size: they were
much larger for highly meaningful pictures.

Unexpectedly, we found an increase in the number of spontaneous task-unrelated thoughts in aMCI individu-
als for unmeaningful stimuli, as compared with highly meaningful pictures. When only past-oriented, sponta-
neous, task-unrelated thoughts were taken into account, mind-wandering no longer significantly differed after
the exposure of aMCI participants to unmeaningful stimuli versus highly meaningful stimuli. This suggests that
present-oriented thoughts may have been primarily responsible for this unexpected increase (future-oriented
thoughts were scarce). Such interpretation is supported by the fact that the type of stimuli did not influence the
number of present-oriented, spontaneous, task-unrelated thoughts, either in the between-groups or within-
groups comparisons. This explanation is also in line with the studies showing that, in the absence of meaningful
stimuli, people tend to experience primarily future- and present-oriented thoughts*"*? in which the deficits are
less pronounced compared to involuntary autobiographical memories (see?® and the present findings). Interest-
ingly, although future-oriented thoughts were much less frequent than present-oriented thoughts in the present
study, it is future-oriented thoughts that demonstrated the reduction of mind-wandering in aMClI, albeit a much
smaller reduction than that for autobiographical memories. This finding is in line with the results of both neu-
roimaging research®~** and behavioral studies*~*’ showing that past-oriented and future-oriented thoughts are
based on overlapping cognitive processes. These studies suggest that future-oriented and past-oriented thoughts
can be considered two aspects of the same phenomenon, i.e., mental time travel which is the ability to mentally
re-experience autobiographical events and pre-experience possible future occurrences™.

A possible limitation of our study was using captioned pictures in the Man-made/Natural Task, rather than
pictures alone. Although thought probes explicitly asked participants whether they had any picture-related
thoughts, and no participant mentioned captions, participants might have difficulties in distinguishing between
caption-induced thoughts and picture-induced thinking. This limitation does not change the fact that we
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extended behavioral data in support of reduced mind-wandering in aMCI to the type of stimuli that had not
been used in previous supportive studies. However, it may lead to a slightly different theoretical interpretation of
this reduction. If thoughts were caption-induced, then semantic-to-autobiographical memory priming may have
been involved®"*2. This priming takes place when processing semantic information (prime) leads to activation
of relevant autobiographical knowledge structures which increases the likelihood of evoking related memories.
Mace et al.”! consider semantic-to autobiographical priming a specific type of associative priming, occurring
between two separate memory systems (semantic and autobiographical). It has been demonstrated in relation to
involuntary autobiographical memories, and interestingly, all primed memories were associated only with high-
frequency prime words’*%. Mace et al.”** suggest that low-frequency prime words are weakly associated with
participants’ personal experience, and therefore may activate very few autobiographical memories. It is likely that,
in the present study, caption words for unmeaningful objects were lower in frequency, compared to captions for
highly meaningful objects. Therefore, it may be argued that the reduced number of involuntary autobiographical
memories in the MCI group was due to impaired spreading of activation between semantic representations of
verbal primes and related autobiographical memories. It may be further argued that low-frequency caption words,
corresponding to unmeaningful objects, were less able to demonstrate this impairment because they had equally
poor associations with participants’ personal experience in both aMCI group and healthy older adults. Future
research may test this theoretical interpretation of differences between aMCI and healthy ageing. However, it
should be noted that even this alternative interpretation puts emphasis on those deficits in aMCI that are related
to automatic/spontaneous processes in memory.

As for practice, our findings may help researchers to develop new and simple cognitive tests to assess spon-
taneous, stimulus-driven processes, which may be used clinically for detecting early cognitive deterioration
and predicting the conversion to AD. In addition to meeting the criteria listed in the Introduction, e.g., unde-
manding ongoing task, thought probes, distinguishing between spontaneous and deliberate thoughts, such tests
should provide patients with highly meaningful environmental stimuli. Our findings suggest that, for healthy
older adults, in contrast to individuals with aMCI, such an environment stimulates spontaneous task-unrelated
thoughts in general, and past-related thoughts in particular.

Method

Participants. A total of 27 healthy older adults and 27 aMCI participants were recruited. To ensure suffi-
cient power, we performed the a priori power analysis on GPOWER 3.1%. The effect size calculation was based
on mind-wandering reported by NiedZwieniska and Kvavilashvili*® (f=0.718). With an alpha level of 0.05 and
the minimum power of 0.95, 28 participants were necessary to find a statistically significant effect in the model.
However, in the study of Maillet and Schacter®, in which the Man-made/Natural Task was originally used to
compare young adults with healthy older adults, older adults reported much more “no thoughts” trials (~20%),
compared to the task used in the reference study of Niedzwieniska and Kvavilashvili (6%)*. This suggested that
the Maillet and Schacter task might have been less powerful in eliciting mind-wandering. Although the sub-
stantially modified version of the Maillet and Schacter task was used in the present study, to avoid the risk of
not having enough power to capture the difference in mind-wandering between aMCI individuals and HC, we
recruited about twice as many participants as calculations indicated were necessary.

All participants were recruited from among inhabitants of local nursery houses and members of senior social
clubs. All research was performed in accordance with the Declaration of Helsinki. The study was approved by
Psychology Research Ethics Committee at the Jagiellonian University. Participants provided written informed
consent to take part in the study. For all participants, exclusion criteria included: (a) head/brain injuries, (b)
history of cerebrovascular disease, (c) current alcohol or substance dependence, (d) medical, neurological, or psy-
chiatric disorders resulting in cognitive dysfunctions, (e) age less than 65 years. Fluency in Polish and adequate
vision and hearing were also required. Exclusion criteria were assessed in the initial interview screening. Partici-
pants who passed the screening, completed a battery of experimental and standardized neuropsychological tests.

aMClI participants.  Participants were assigned to the clinical group using the inclusion criteria that satisfied the
diagnostic criteria of aMCI*** (a) presence of a subjective memory complaint; (b) objective memory impair-
ment evidenced by a score at or below 1.5 SD of the mean of age-matched peers on at least one test of the
neuropsychological screening battery assessing episodic memory (see the Neuropsychological evaluation sec-
tion); (c) not meeting the Diagnostic and Statistical Manual of Mental Disorders’ (DSM-5) criteria for dementia
(American Psychiatric Association, 2013), (d) preserved general cognitive function as confirmed by a normal
score on the Mini-Mental State Examination (MMSE)*® (normality cut-off score: 24)*; (e) maintained activities
of daily living or slight impairment in instrumental activities of daily living, as confirmed by no more than one
item showing deterioration in the Instrumental Activities of Daily Living (IADL) subscale of Nurses’ Observa-
tion Scale for Geriatric Patients (NOSGER)***; (f) absence of severe depression, as confirmed by a score below
10 on the Geriatric Depression Scale 15%.

Healthy controls (HC). Inclusion criteria for the HC group were: (a) a score within or above 1.5 SD of the mean
of age-matched peers on each test of the neuropsychological screening battery assessing episodic memory; (c) a
score >27 on the MMSE; (d) no impairment in instrumental activities of daily living, as confirmed by minimum
score in the Instrumental Activities of Daily Living (IADL) subscale of Nurses’ Observation Scale for Geriatric
Patients (NOSGER)*>*®; (e) absence of severe depression, as confirmed by a score of below 10 on the GDS 15.

Table 2 shows demographic details of the final sample. A series of independent samples t-tests revealed no
significant group differences between aMCI and HC on the demographic variables, except for MMSE scores,
which were lower in aMCI individuals than in HC (p=0.000; d=1.74).
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aMCI (n=27) HC (n=27)
Sex 10 males 10 males
Age (SD) 79.44 (8.18) 77.77 (7.71)
Years of education (SD) 11.66 (2.54) 12.68 (3.10)
Health at present (SD) 3.14 (0.86) 3.37 (1.00)
Health compared to peers (SD) 3.70 (0.95) 3.59(0.84)
GDS 3.85(2.82) 3.07 (1.66)
MMSE 26.59 (1.18)*** 28.59 (1.11)

Table 2. Demographic characteristics as a function of group (aMCI vs HC). Health at present (1 =poor,
5=excellent); Health compared to peers (1 = significantly worse, 3 =same, 5 =significantly better). aMCI
amnestic Mild Cognitive Impairment, HC Healthy Controls. Differences between aMCI and HC are indicated
by *** p<.001.

aMCI (n=27) |HC(n=27) |d

Episodic memory
CVLT: immediate recall 1-5 31.55 (9.64)*** | 45.11(8.56) | 1.48

CVLT: short delay recall 5.51 (2.62)*** 9.18 (2.70) | 1.40
CVLT: long delay recall 5.18 (2.14)* |10.18 (2.40) | 2.19
CVLT: recognition 13.88(2.24)* 15.00 (1.10) | 0.63
HVLT: immediate recall 1 3.07 (1.688)** 5.33(1.41) | 145
HVLT: immediate recall 2 5.59 (1.96)*** 7.37(1.59) |0.99
HVLT: immediate recall 3 6.11 (1.80)*** 8.14(1.91) |1.09
HVLT: delayed recall 3.29 (2.35)*** 6.77 (2.62) |1.38
HVLT: recognition 9.88 (1.88)** 11.03(0.93) |0.77
Other cognitive functions

ACE-III: attention 16.22 (1.52)* 17.11 (0.97) | 0.69
ACE-IIL: fluency 829 (2.65)** |11.12(1.93) | 1.22
ACE-III: language 22.12 (4.46)** 25(1.41) |0.87
ACE-III: visuospatial 13.48 (1.92)* 14.62 (1.36) | 0.68

Table 3. Mean scores on neuropsychological test battery in participants with aMCI and healthy controls. For
each test, a high score indicates a better performance. aMCI amnestic Mild Cognitive Impairment, HC healthy
controls, CVLT California Verbal Learning Test, HVLT Hopkins Verbal Learning Test. Differences between
aMCI and HC are indicated by *p <0.05, **p<0.01, ***p <0.001.

Measures. Neuropsychological evaluation. The episodic memory tests included the Hopkins Verbal Learn-
ing Test (HVLT)®"%? and California Verbal Learning Test (CVLT)®*¢*. HVLT consists of three immediate recall
tests, one delayed recall test and one delayed recognition test. CVLT includes five immediate recall tests, one
short delay recall test, one long delay recall test and one delayed recognition test. Attention, executive functions,
language and visuospatial abilities were tested with the Addenbrooke’s Cognitive Examination-1II (ACE-III)®.
Significant group differences were obtained for all neuropsychological tests, with aMCI participants scoring
lower (see Table 3). The effect sizes for episodic memory tests were markedly higher than for the tests measuring
other cognitive functions i.e. attention, language, fluency and visuospatial.

Mind-wandering evaluation. Participants completed a computer-based Man-made/Natural Task, which was a
modified version of the task developed by Maillet and Schacter®. The task consisted of a 242-slide presentation of
pictures showing natural objects (e.g., flower) and man-made objects (e.g., car). Below each picture there was a
caption corresponding to it. Participants were asked to decide whether the depicted object was artificial or natu-
ral. Each stimulus was presented for 4 s, followed by a blank screen for 4 s. Every 6-10 stimulus slides, the task
stopped and thought probe questions appeared on the screen. Participants were asked to describe their thought
content the moment before the question appeared on the screen by choosing one of the following answers: (a) I
did not have any thoughts; (b) I had a thought triggered by one of the pictures I saw; (c) I had a thought unre-
lated to the task or any of the pictures I saw; (d) I was thinking how I feel about doing this task. If participants
had stimuli-related thoughts, they were additionally asked which picture had triggered the thought. Participants
were then asked whether the thought they had was spontaneous or deliberate. Finally, they were asked whether
the thought they had were about the past, present or the future. The categories of thoughts and the thought
probing procedure were adapted from Maillet and Schacter® (see also®®*? for similar thought probing). Thought
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probes were presented 1.5 s after preceding stimulus slides, since the results of Maillet and Schacter  suggest that
such interval slightly increases the probability of evoking stimulus-related thoughts in healthy adults.

Stimulus presentation and the response collection were controlled by Inquisit 5 software running on a 14"
foldable notebook. Pictures measured on average 600 px (height) x 600 px (width) at a viewing distance of 60 cm,
and were presented on a white background in the center of the screen. They were generated in a random order,
which was then the same for each participant. To simplify the recording of thought probes for Polish older
adults who may not be very familiar with using the computer, all participants were giving their answers orally,
rather than typing them into the computer as in Maillet and Schacter®. The experimenter manually recorded
participants’ responses.

We developed two versions of the Man-made/Natural Task. All participants completed the two versions in
one session, in a counter-balanced order, without any break between the versions. Each version consisted of 121
blocked pictures of either very familiar objects (the block with highly meaningful stimuli) or unfamiliar objects
(the block with unmeaningful stimuli). There were 15 thought probes in each block.

Stimuli-pictures were obtained from the same base as used by Maillet and Schacter®, i.e., Bank of Standard-
ized Stimuli®®®”. The base consists of stimuli that were assessed on different dimensions by a high number of
participants, as part of normalization studies. One of these dimensions was familiarity, which was measured with
the question: “Rate the level to which you are familiar with the object” on a 5-point scale (1 =very unfamiliar;
5=very familiar).

For the present study, 300 pictures with the highest scores of familiarity and 300 pictures with the lowest scores
of familiarity were chosen from the base. To select the pictures that would be most familiar/unfamiliar to Polish
older adults, the pilot study was conducted in which 29 Polish older adults of age 60 + (MA =67.65; SD =4.60; 9
Males) were asked the same question about familiarity in relation to each picture chosen form the base. A total
of 121 pictures with the highest mean familiarity (M =4.42; SD=0.20) and 121 pictures with the lowest mean
familiarity (M =2.81; SD =0.29) were selected for the final set. Due to the predominance of pictures showing
man-made objects among the pictures rated as most familiar and most unfamiliar, pictures with natural objects
accounted for 1/3 of stimuli in each version of the Man-made/Natural Task.

Procedure. Participants were tested individually in two sessions, up to 5 weeks apart, with each session
lasting approximately one hour. Sessions took place on the premises of the nursing houses and senior social
clubs, in quite separate rooms. The screening interview, NOSGER-IADL, MMSE, ACE-III, CVLT and Geriatric
Depression Scale 15 were administrated in Session 1. The Man-made/Natural Task and HVLT were completed
in Session 2.

At the beginning of Session 2 participants completed the short-delay HVLT tasks. They were then briefly
introduced to the Man-made/Natural Task. Participants were asked to press “S” on the keyboard if the object
on the screen was man-made, and press “N” if it was natural. They were also informed that we are interested in
what types of thoughts people experience while performing such tasks. Therefore, the slide presentation would
occasionally stop, at which point they would be prompted to report their thoughts at the exact moment they
were stopped. Participants were briefly informed about the thoughts they might experience during the task and
what options they would have to categorize them, i.e., no thoughts, picture-triggered off-task thoughts, picture-
unrelated off-task thoughts, and thoughts about the experience of performing the task. This was followed by
training, during which participants were given examples of thoughts from various categories and asked what
category they would choose. If they made the wrong choice, they were explained why it should be a different
category. The exemplary thoughts were, among others: I used to work as a bus-driver after seeing the picture of a
bus; I have a doctor appointment tomorrow, with a no picture related to such fact; I wonder if I have chosen the right
answer. The training continued until the participant was able to correctly categorize all types of thoughts. Partici-
pants were then explained the difference between spontaneous thoughts (thoughts that pop into mind without
your intention) and deliberate thoughts (something you deliberately chose to think about). Finally, participants
were briefly informed about the types of off-task thinking they could experience, i.e., that it could be related to
something that: (a) was happening in the present, at any point in the course of the task (e.g., I love my family); (b)
had happened in the past, before starting the task (e.g., I went to Spain last year); (c) would happen in the future,
after completing the task (e.g., I'm going to eat delicious supper today). This was followed by short practice with
two 10-slides trials and two thought probes. After practice, participants completed the long-delay HVLT tasks
and then both versions of the Man-made/Natural Task. When the procedure was completed, participants were
asked to rate how interesting the task of classifying pictures was (1 =very boring; 10 = very interesting), and how
difficult the task of categorizing thoughts was (1 =very difficult; 10 =very easy).
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The data used to support the findings of this study are available from the corresponding author upon request.

Received: 8 March 2022; Accepted: 27 May 2022
Published online: 10 June 2022

References
1. Prince, J. M. et al. World Alzheimer Report 2015: The Global Impact of Dementia | Alzheimer’s Disease International. World
Alzheimer’s Report. https://www.alz.co.uk/research/worldalzheimerreport2015summary.pdf (2015). Accessed 10 Dec 2021.
2. Morris, J. C. Early-stage and preclinical Alzheimer disease. Alzheimer Dis. Assoc. Disord. 19, 163-165 (2005).
3. Sperling, R. et al. Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 7, 280-292
(2011).

Scientific Reports |

(2022) 12:9643 | https://doi.org/10.1038/s41598-022-13745-6 nature portfolio


https://www.alz.co.uk/research/worldalzheimerreport2015summary.pdf

www.nature.com/scientificreports/

4. Sperling, R., Mormino, E. & Johnson, K. The evolution of preclinical Alzheimer’s disease: Implications for prevention trials. Neuron
84, 608-622 (2014).

5. Albert, M. S. et al. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: Recommendations from the National
Institute on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 7,
270-279 (2011).

6. Maillet, D. & Schacter, D. When the mind wanders: Distinguishing stimulus-dependent from stimulus-independent thoughts
during incidental encoding in young and older adults. Psychol. Aging 31, 370-379 (2016).

7. Jordao, M., Ferreira-Santos, E, Pinho, M. S. & St Jacques, P. L. Meta-analysis of aging effects in mind wandering: Methodological
and sociodemographic factors. Psychol. Aging 34, 531-544 (2019).

8. Warden, E. A,, Plimpton, B. & Kvavilashvili, L. Absence of age effects on spontaneous past and future thinking in daily life. Psychol.
Res. 83, 727-746 (2019).

9. Kvavilashvili, L., Niedzwieniska, A., Gilbert, S. J. & Markostamou, I. Deficits in spontaneous cognition as an early marker of Alz-
heimer’s disease. Trends Cogn. Sci. 24, 285-301 (2020).

10. Nelson, P. T. et al. Correlation of alzheimer disease neuropathologic changes with cognitive status: A review of the literature. J.
Neuropathol. Exp. Neurol. 71, 362-381 (2012).

11. Salat, D. H., Kaye, J. A. & Janowsky, J. S. Selective preservation and degeneration within the prefrontal cortex in aging and Alzheimer
disease. Arch. Neurol. 58, 1403-1408 (2001).

12. Frisoni, G. B, Fox, N. C,, Jack, C. R., Scheltens, P. & Thompson, P. M. The clinical use of structural MRI in Alzheimer disease. Nat.
Rev. Neurol. 6, 67-77 (2010).

13. Harper, L. et al. Patterns of atrophy in pathologically confirmed dementias: A voxelwise analysis. J. Neurol. Neurosurg. Psychiatry
88, 908-916 (2017).

14. Braak, H. & Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 82, 239-259 (1991).

15. Buckner, R. L. et al. Molecular, structural, and functional characterization of Alzheimer’s disease: Evidence for a relationship
between default activity, amyloid, and memory. J. Neurosci. 25, 7709-7717 (2005).

16. Palmqyist, S. et al. Earliest accumulation of f-amyloid occurs within the default-mode network and concurrently affects brain
connectivity. Nat. Commun. 8, (2017).

17. Raichle, M. E. The brain’s default mode network. Annu. Rev. Neurosci. 38, 433-447 (2015).

18. Buckner, R. L., Andrews-Hanna, J. R. & Schacter, D. L. The brain’s default network: Anatomy, function, and relevance to disease.
Ann. N. Y. Acad. Sci. 1124, 1-38 (2008).

19. Christoff, K., Irving, Z. C., Fox, K. C. R, Spreng, R. N. & Andrews-Hanna, J. R. Mind-wandering as spontaneous thought: A
dynamic framework. Nat. Rev. Neurosci. 17, 718-731 (2016).

20. Smallwood, J. & Schooler, J. W. The science of mind wandering: Empirically navigating the stream of consciousness. Annu. Rev.
Psychol. 66, 487-518 (2015).

21. Schlagman, S. & Kvavilashvili, L. Involuntary autobiographical memories in and outside the laboratory: How different are they
from voluntary autobiographical memories?. Mem. Cogn. 36, 920-932 (2008).

22. Rasmussen, A. S., Ramsgaard, S. B. & Berntsen, D. Frequency and functions of involuntary and voluntary autobiographical
memories across the day. Psychol. Conscious. Theory Res. Pract. 2, 185-205 (2015).

23. Gilbert, S. J., Hadjipavlou, N. & Raoelison, M. Automaticity and control in prospective memory: A computational model. PLoS
One 8, (2013).

24. Scullin, M. K., McDaniel, M. A. & Shelton, J. T. The dynamic multiprocess framework: Evidence from prospective memory with
contextual variability. Cogn. Psychol. 67, 55-71 (2013).

25. Niedzwienska, A., Kvavilashvili, L., Ashaye, K. & Neckar, J. Spontaneous retrieval deficits in amnestic mild cognitive impairment:
A case of focal event-based prospective memory. Neuropsychology 31, 735-749 (2017).

26. McDaniel, M. A,, Shelton, . T., Breneiser, J. E. & MoBalota, D. A. Focal and non-focal prospective memory performance in very
mild dementia: A signature decline. Neuropsychology 25, 387-396 (2011).

27. Chi, S. Y. et al. Differential focal and nonfocal prospective memory accuracy in a demographically diverse group of nondemented
community-dwelling older adults. J. Int. Neuropsychol. Soc. 20, 1015-1027 (2014).

28. Niedzwienska, A. & Kvavilashvili, L. Reduced mind-wandering in mild cognitive impairment: Testing the spontaneous retrieval
deficit hypothesis. Neuropsychology 32, 711-723 (2018).

29. Gyurkovics, M., Balota, D. A. & Jonathan, ]. D. Mind-wandering in healthy aging and early stage Alzheimer’s disease. Neuropsy-
chology 31, 89-101 (2018).

30. O’Callaghan, C., Shine, J. M., Lewis, S. J. G., Andrews-Hanna, J. R. & Irish, M. Shaped by our thoughts—A new task to assess
spontaneous cognition and its associated neural correlates in the default network. Brain Cogn. 93, 1-10 (2015).

31. Rasmussen, K. W,, Salgado, S., Daustrand, M. & Berntsen, D. Using nostalgia films to stimulate spontaneous autobiographical
remembering in Alzheimer’s disease. J. Appl. Res. Mem. Cogn. 10, 400-411 (2021).

32. Plimpton, B., Patel, P. & Kvavilashvili, L. Role of triggers and dysphoria in mind-wandering about past, present and future: A
laboratory study Benjamin. Conscious. Cogn. 33, 261-276 (2015).

33. Seli, P, Risko, E. E, Smilek, D. & Schacter, D. L. Mind-wandering with and without intention. Trends Cogn. Sci. 20, 605-617 (2016).

34. Maillet, D., Seli, P. & Schacter, D. L. Mind-wandering and task stimuli: Stimulus-dependent thoughts influence performance on
memory tasks and are more often past-versus future-oriented. Conscious. Cogn. 52, 55-67 (2017).

35. Lamichhane, B., McDaniel, M. A., Waldum, E. R. & Braver, T. S. Age-related changes in neural mechanisms of prospective memory.
Cogn. Affect. Behav. Neurosci. 18, 982-999 (2018).

36. Spreng, R. N., Madore, K. P. & Schacter, D. L. Better imagined: Neural correlates of the episodic simulation boost to prospective
memory performance. Neuropsychologia https://doi.org/10.1016/j.neuropsychologia.2018.03.025 (2018).

37. Beck, S. M., Ruge, H., Walser, M. & Goschke, T. The functional neuroanatomy of spontaneous retrieval and strategic monitoring
of delayed intentions. Neuropsychologia 52, 37-50 (2014).

38. Cohen, J. Statistical Power Analysis for the Behavioral Sciences (Academic Press, 1977).

39. Luo, L. & Craik, F. I. M. Aging and memory: A cognitive approach. Can. J. Psychiatry 53, 346-353 (2008).

40. Bastin, C. et al. Neural correlates of controlled memory processes in questionable Alzheimer’s disease. Adv. Alzheimer’s Dis. 2,
191-204 (2011).

41. Baird, B.,, Smallwood, J. & Schooler, J. W. Back to the future: Autobiographical planning and the functionality of mind-wandering.
Conscious. Cogn. 20, 1604-1611 (2011).

42. Vannucci, M., Pelagatti, C. & Marchetti, I. Manipulating cues in mind wandering: Verbal cues affect the frequency and the temporal
focus of mind wandering. Conscious. Cogn. 53, 61-69 (2017).

43. Viard, A. et al. Mental time travel into the past and the future in healthy aged adults: An fMRI study. Brain Cogn. 75, 1-9 (2011).

44. Lavallee, C. F. & Persinger, M. A. A LORETA study of mental time travel: Similar and distinct electrophysiological correlates of
re-experiencing past events and pre-experiencing future events. Conscious. Cogn. 19, 1037-1044 (2010).

45. Botzung, A., Denkova, E. & Manning, L. Experiencing past and future personal events: Functional neuroimaging evidence on the
neural bases of mental time travel. Brain Cogn. 66, 202-212 (2008).

46. D’Argembeau, A. & Van Der Linden, M. Phenomenal characteristics associated with projecting oneself back into the past and
forward into the future: Influence of valence and temporal distance. Conscious. Cogn. 13, 844-858 (2004).

Scientific Reports | (2022) 12:9643 | https://doi.org/10.1038/s41598-022-13745-6 nature portfolio


https://doi.org/10.1016/j.neuropsychologia.2018.03.025

www.nature.com/scientificreports/

47. D’Argembeau, A. & Van der Linden, M. Individual differences in the phenomenology of mental time travel: The effect of vivid
visual imagery and emotion regulation strategies. Conscious. Cogn. 15, 342-350 (2006).

48. El Haj, M., Antoine, P. & Kapogiannis, D. Flexibility decline contributes to similarity of past and future thinking in Alzheimer’s
disease. Hippocampus 25, 1447-1455 (2015).

49. Berntsen, D. & Jacobsen, A. S. Involuntary (spontaneous) mental time travel into the past and future. Conscious. Cogn. 17,
1093-1104 (2008).

50. Tulving, E. Episodic memory: From mind to brain. Annu. Rev. Psychol. 53, 1-25 (2002).

51. Mace, J. H., McQueen, M. L., Hayslett, K. E., Staley, B. J. A. & Welch, T. ]. Semantic memories prime autobiographical memories:
General implications and implications for everyday autobiographical remembering. Mem. Cogn. 47, 299-312 (2019).

52. Mace, J. H. & Unlu, M. Semantic-to-autobiographical memory priming occurs across multiple sources: Implications for autobio-
graphical remembering. Mem. Cogn. 48, 931-941 (2020).

53. Faul, E, Erdfelder, E., Lang, A.-G. & Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav. Res. Methods 39, 175-191 (2007).

54. Petersen, R. C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 256, 183-194 (2004).

55. Winblad, B. et al. Mild cognitive impairment—Beyond controversies, towards a consensus: Report of the International Working
Group on Mild Cognitive Impairment. J. Intern. Med. 256, 240-246 (2004).

56. Folstein, M. E, Folstein, S. E. & McHugh, P. R. Mini-mental state”: A practical method for grading the cognitive state of patients
for the clinician. J. Psychiatr. Res. 12, 189-198 (1975).

57. Measso, G. et al. The Mini-Mental State Examination: Normative study of an Italian random sample. Dev. Neuropsychol. 9, 77-85
(1993).

58. Spiegel, R. et al. A new behavioral assessment scale for geriatric out- and in-patients: The NOSGER (Nurses’ Observation Scale
for Geriatric Patients). J. Am. Geriatr. Soc. 39, 339-347 (1991).

59. Wysokinski, M. & Fidecki, W. Zastosowanie skali NOSGER w praktyce pielegniarskiej. In Pielegniarska opieka nad osobami star-
szymi (ed. Kachaniuk, H. M.) 29-44 (Wydawnictwo Raabe, 2008).

60. Sheikh, J. I. & Yesavage, J. A. Geriatric Depression Scale (GDS): Recent evidence and development of a shorter version. Clin.
Gerontol. J. Aging Ment. Heal. 5, 165-173 (1986).

61. Brandt, J. The Hopkins Verbal Learning Test: Development of a new memory test with six equivalent forms. Clin. Neuropsychol.
5,125-143 (1991).

62. Niedzwienska, A., Neckar, ., Kabut, R. & Wereszczynski, M. Test Uczenia sie Jezykowego Hopkinsa: polska adaptacja i normy dla
senioréw. Czas. Psychol. 25, 165-176 (2019).

63. Delis, D. C., Kramer, J. H., Kaplan, E. & Ober, B. A. California Verbal Learning Test 2nd edn. (Psychological Corporation, 2000).
https://doi.org/10.1037/t15072-000.

64. Lojek, E. & Stanczak, J. Podrecznik do kalifornijskiego testu uczenia si¢ jezykowego CVLT Deana C. Delisa, Joela H. Kramera, Edith
Kaplan i Beth A. Ober: polska normalizacja. (Pracownia Testow Psychologicznych Polskiego Towarzystwa Psychologicznego, 2010).

65. Hsieh, S., Schubert, S., Hoon, C., Mioshi, E. & Hodges, J. R. Validation of the Addenbrooke’s cognitive examination III in fronto-
temporal dementia and Alzheimer’s disease. Dement. Geriatr. Cogn. Disord. 36, 242-250 (2013).

66. Brodeur, M. B,, Guérard, K. & Bouras, M. Bank of Standardized Stimuli (BOSS) phase II: 930 new normative photos. PLoS One 9,
(2014).

67. Brodeur, M. B,, Dionne-Dostie, E., Montreuil, T. & Lepage, M. The bank of standardized stimuli (BOSS), a new set of 480 norma-
tive photos of objects to be used as visual stimuli in cognitive research. PLoS One 5, (2010).

Acknowledgements

This research was funded by European Structural & Investment Funds, Programme: Knowledge Education
Growth, Grant number: POWR.03.02.00-IP.08-00-DOK/17 by the National Centre for Research and Develop-
ment, and by a Doctoral School in the Social Sciences of Jagiellonian University in Krakéw, Mini-grants com-
petition (2020 edition).

Author contributions

M.W. and A.N. designed the study, developed methodology, conducted statistical analyses and prepared the
manuscript. M.W. administrated the project, conducted experimental sessions, prepared the data and wrote the
original draft. A.N. conducted reviewing & editing and provided conceptual feedback.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-022-13745-6.

Correspondence and requests for materials should be addressed to M.W.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:9643 | https://doi.org/10.1038/s41598-022-13745-6 nature portfolio


https://doi.org/10.1037/t15072-000
https://doi.org/10.1038/s41598-022-13745-6
https://doi.org/10.1038/s41598-022-13745-6
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

Krakow, 30.06.2023
Author’s contribution statement
I hereby declare that my contribution to the publication: Michat Wereszczyniski and
Agnieszka Niedzwienska (2022). ,, Deficits in spontaneous and stimulus-dependent retrieval
as an early sign of abnormal aging ” published in Scientific Reports, included:
Conceptualization, Methodology, Resources, Funding acquisition, Project administration,
Investigation, Formal analysis, Data curation, Writing original draft and Writing review &

editing.

Mgr Michal Wereszczynski



Krakéw, 29.06.2023
Author’s contribution statement
I hereby declare that my contribution to the publication: Michal Wereszczynski and
Agnieszka Niedzwienska (2022) ,, Deficits in spontaneous and stimulus-dependent retrieval
as an early sign of abnormal aging ” published in Scientific Reports, included: Supervision,
Conceptualization, Methodology, Formal analysis, Writing original draft and Writing review

& editing

Meokimewska

Prof. dr hab. Agnieszka Niedzwienska



Attachment 2

50



Investigating the Relationship Between Periodontitis and Specific Memory Processes in the

Search for Cognitive Markers of Alzheimer's Disease Risk

Michal Wereszczynfiskil:?* https://orcid.org/0000-0002-7237-3821
Aleksandra Smigiel®

Iwona Tomaszewska® https://orcid.org/0000-0002-4118-5596

Agnieszka Niedzwienska® https://orcid.org/0000-0002-9252-3639

 Department of Psychology, Jagiellonian University, Krakéw, Poland
2Doctoral School in the Social Sciences - Jagiellonian University
8 Stomatologia Tomaszewska” Dental Office, Krakéw, Poland
“Centre of Innovative Medical Education, Collegium Medicum, Jagiellonian University,

Krakow, Poland

*Correspondence should be addressed to Michat Wereszczynski:
michal.wereszczynski@doctoral.uj.edu.pl


https://orcid.org/0000-0002-7237-3821
https://orcid.org/0000-0002-4118-5596
https://orcid.org/0000-0002-9252-3639

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Abstract

The Spontaneous Retrieval Deficit (SRD) hypothesis argues that individuals in the
preclinical stages of Alzheimer's disease (AD) are particularly impaired in spontaneous
retrieval, which manifests in reduced mind-wandering. Our main purpose was to provide
novel evidence to support the SRD hypothesis by investigating, for the first time, the
relationship between mind-wandering and periodontitis, the latter being the risk factor for
AD. The second objective was to address the lack of deeper understanding of the relationship
between oral health and specific cognitive abilities by investigating whether periodontitis
would be primarily associated with memory. Sixty community-dwelling dementia-free older
adults completed neuropsychological tests that focused on various cognitive abilities and a
computerised task, during which mind-wandering was evaluated. Periodontal health was
assessed subjectively, and through an oral examination by a qualified dentist that focused on
visible periodontitis-related changes in gingival tissues and the number of periodontitis
bacteria. In line with our predictions, objective and subjective symptoms of poorer
periodontal health were associated with less mind-wandering, providing further support for
the SRD hypothesis. Again in line with predictions, poorer periodontal health was associated
with worse episodic memory, with no relationship between periodontitis and the measure

targeting various cognitive abilities, from which memory was excluded.
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Alzheimer's disease (AD) is a major cause of dementia and one of the leading causes
of death in the elderly age group®. Cerebral pathological changes associated with the disease
can precede clinical symptoms by up to 20 years?. Given the lack of an effective cure,
research has progressively focused on identifying people at risk of developing AD among
which early intervention can delay and even prevent the emergence of clinical syndrome®*,

Recently, a novel hypothesis has been formulated that argues that spontaneous (i.e.,
unintentional and effortless) retrieval processes, which are relatively well preserved in healthy
ageing®’ , will be significantly compromised during the prodromal and early stages of AD?.
The spontaneous retrieval deficit (SRD) hypothesis is highly counterintuitive because it
challenges current theories of cognitive ageing®°, which predict that both typical and atypical
ageing predominantly impair performance in difficult cognitive tasks dependent on deliberate
and strategic processes. However, the hypothesis is based on the results of neuroimaging
studies showing that, during the etiology of AD, the neurological structures of the Default
Mode Network (DMN) tend to degenerate much earlier than other parts of the central nervous
system (see® for a review of evidence).

The first signs of neuropathological changes within AD tend to occur in the posterior
parts of the cortex, with the anterior and dorsolateral prefrontal cortex remaining relatively
intact!12, resulting in disproportionate temporoparietal atrophy in the early stages of the
disease'®!. The pathology involves the accumulation of tau-positive neurofibrillary tangles in
the structures of the medial temporal lobe, spreading from the entorhinal cortex to the
hippocampus?®, and the formation of p-amyloid plaques in the medial prefrontal and
posteromedial cortices, especially in the posterior cingulate cortex and adjacent areas'®?’.
These neuropathological processes, especially f-amyloid accumulation, may progress for

decades before the onset of dementia?.
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Importantly, the posterior cingulate cortex, the medial temporal lobe, and the medial
prefrontal cortex form the key hubs of DMN81®, DMN activity has traditionally been
associated with mind-wandering, which involves spontaneous shifts of attention from the
external world to one’s inner thoughts?®2, Links between mind-wandering and increased
DMN activity have also been demonstrated in several fMRI studies (see® for a review of
evidence). Mind-wandering shares similar characteristics with several other phenomena of
spontaneous cognitions such as, for example, involuntary autobiographical memories?2® or
those aspects of prospective memory that involve effortlessly remembering previously
intended actions in response to a particular target event?#?°, What these phenomena share with
mind-wandering episodes is that thoughts and memories come to mind spontaneously and
effortlessly, without any deliberate intention to think about them.

Spontaneous retrieval, when measured during simple cognitive tasks, can provide a
promising alternative to the neuropsychological tests of episodic memory currently used to
detect an increased risk of AD. Since spontaneous retrieval is not affected by deliberate
strategies to enhance recall and, during examination, participants are not aware of what
exactly is being measured, such tasks may have a particular advantage for testing highly
functioning dementia-free older adults. In such groups, high education and well-developed
learning strategies can mask very early signs of cognitive change in standard
neuropsychological tests.

A few recent behavioural studies support the SRD hypothesis by showing the deficit
of spontaneous retrieval in amnestic Mild Cognitive Impairment (aMCI), which is the
prodromal stage of AD, and in early stages of AD?62°. Amnestic MCI manifests itself in
subjective and objective memory deficits, as evidenced by neuropsychological tests that
measure episodic memory, without the loss of functional independence characteristic of AD?.

Behavioural evidence of spontaneous retrieval deficits in the prodromal and early stages of
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AD has been found in prospective memory?”2°3 and mind-wandering?®2%2° (details of
behavioural evidence from prospective memory studies in®). In mind-wandering studies,
thought probes are used alongside very easy cognitive tasks, e.g., deciding whether lines
presented on the computer screen are horizontal or vertical, or whether presented pictures
show natural or man-made objects. In each probe, participants are asked whether they had any
thought at the time they were stopped, and if so, whether it was related to the ongoing task,
and if it was spontaneous or deliberate. Participants with aMCI reported significantly less
mind-wandering, as measured by the number of spontaneous task-unrelated thoughts, than
healthy older adults?®2°, At the same time, the aMCI groups did not outperform healthy older
adults on ongoing tasks, and they continued to mind-wander less after controlling for the
ongoing task performance. Studies involving the aMCI groups also suggested that the type of
thoughts analysed, i.e., whether related to environmental stimuli or not, and whether oriented
toward the past, present, or future, can matter for how strongly the spontaneous retrieval
deficit manifests itself?82°,

The primary objective of our study was to provide more evidence to support the SRD
hypothesis by investigating, for the first time, the relationship between mind-wandering and
one of the factors that appears to increase the risk of cognitive decline and AD, namely
periodontitis (see meta-analyses of longitudinal studies on periodontitis as a risk factor for
AD?%3%) We expected that cognitively healthy older adults (i.e., without cognitive deficits
related to dementia or other diseases), but with poorer periodontal health, would show
reduced spontaneous retrieval, that is, less mind-wandering. Although the relationship
between mind-wandering and periodontitis has not been investigated for far, the results of
only two studies on periodontal health and prospective memory can be interpreted in terms of
the link between periodontitis and spontaneous retrieval deficits***. In both studies, poorer

periodontal health was associated with poorer event-based prospective memory, but not with
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the other type of prospective memory (time-based)3*. The analyses of prospective memory
mechanisms3®= suggest that performance in event-based tasks can be based on spontaneous
retrieval of intended actions, whereas time-based tasks require strategic and effortful retrieval.

Several pathophysiological mechanisms could explain the negative impact of poor oral
health on cognitive function and its role in the development of AD. For example, Dominy et
al.*® have identified Porphyromonas gingivalis, an organism associated with chronic
periodontitis, in the brain of patients with Alzheimer’s disease, and suggested that this
microorganism may play a vital role in the disease pathway. A widespread view is that the
relationship between AD progression and infection with periodontitis bacteria may occur
through the inflammatory pathway, where people with periodontitis are systemically affected
by chronic oral inflammation®-#!. According to the most established model of Kamer et. al.*!-
43, periodontitis pathogens or pro-inflammatory cytokines produced in the immune response
to infection can enter the central nervous system (through systemic circulation or through the
neural pathways) where they may trigger an immune reaction of glia cells. The model holds
that chronic inflammation within the brain stimulates glia cells to produce B-amyloid, tau-
fibre and pro-inflammatory molecules that, by inducing autoimmune reaction, cause
neurodegeneration. Claims about the triggering role of peripheral gum inflammation in AD
etiology are supported by numerous studies that show a significant relationship between AD
and the level of periodontitis antibodies**“°. Diet and nutrition could also explain the link.
Older people with tooth loss, particularly edentulism, could suffer from impaired masticatory
function and consequently poor nutritional status®.

A straightforward argument can also be presented for the opposite direction of
causality behind the link between oral health and cognitive function, i.e., how cognitive
decline could negatively impact oral health through behavioural changes such as reduced

attention to oral hygiene or inadequate use of dental health services. However, a recent large-
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scale longitudinal study*’ shows that the relations between oral health and cognitive function
are indeed bidirectional.

The second goal of our study was to investigate whether periodontitis is primarily
associated with memory ability. It has recently been suggested3#8 that existing studies on the
relationship between oral health and cognitive function provide little insight into the nature of
cognitive difficulties that are associated with poor periodontal health. This is due to the fact
that many of these studies used brief screening measures of general cognitive function rather
than comprehensive tests that target specific cognitive abilities. The distinction between
specific cognitive abilities is critical to inform the mechanisms underlying the association
between oral health and cognition. For example, individuals in early stages of AD show
deficits primarily in episodic memory, while individuals in early stages of other types of
dementia (i.e., cardio-vascular, frontal-temporal, or lewy bodies) show deficits mainly within
other cognitive domains*®-°1, Therefore, if episodic memory is primarily related to periodontal
health, this may suggest that we need to look for explanations that associate periodontitis with
AD, rather than other types of dementia. A recent systematic review of Nangle et al.*®
suggests that memory is in fact one of few cognitive abilities that may be specifically related
to periodontal health.

To achieve these goals, we performed a neuropsychological assessment that targeted
various cognitive abilities in a group of 60 dementia-free community-dwelling older adults.
The assessment included, among other tests, a comprehensive episodic memory test
(California Verbal Learning Test)®2. Periodontal health was subjectively evaluated with the
list of symptoms, and then objectively through an oral examination conducted by a qualified
dentist in a specialist dental clinic. The objective evaluation involved calculating: (1) the
Community Periodontal Index of Treatment Needs (CPITN), and (2) the number and type of

periodontitis pathogens present within the periodontium. Mind-wandering was evaluated
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during a very easy Man-made/Natural Task®>%. Participants were repeatedly stopped to report
whether they had any thought at the time they were stopped and, if so, if it was related to the
Man-made/Natural Task, and whether it was spontaneous or deliberate.

In line with the SRD hypothesis, we expected that poorer periodontal health would be
associated with less mind-wandering, that is, less spontaneous, task-unrelated thoughts. Based
on the results of a systematic review on how oral health can be related to specific cognitive
abilities in older adults*®, and data suggesting that periodontitis increases the risk of AD rather
than the risk of other types of dementia***®, we expected that poorer periodontal health would
be associated with a lower performance on the episodic memory test, rather than on the
measure targeting various cognitive abilities (Addenbrooke’s Cognitive Examination I1),
from which memory was excluded.

The novelty of our approach was twofold. First, it provided a new way of testing the
SRD hypothesis, by going beyond the spontaneous retrieval deficits in aMClI and early stages
of AD, and measuring spontaneous retrieval in cognitively healthy older adults in relation to
the risk factor for AD. Second, it addressed the concern of a lack of deeper insight into the
relationship between oral health and cognitive function, by investigating links between oral
health and the specific cognitive domain (memory) and the specific cognitive process
(spontaneous retrieval).

Results

The alpha level adopted to determine the significance of the results was set at 0.05.
Pearson’s coefficients were used to measure correlations between periodontitis status and
mind-wandering, and then periodontitis status and tests targeting episodic memory and other
cognitive abilities. The strength of the correlations was interpreted according to Cohen’s
criteria (0.1=small; 0.3=moderate; 0.5=large)>3. The correlations and t-test results were

controlled for multiple comparisons using the Benjamini- Hochberg procedure® (False
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Discovery Rate = .25). Only those correlations and t-test results that remained significant after
the correction are reported, except for tables that present all correlations. When significant
associations were established, hierarchical multiple regression models were performed to
adjust for background factors that included age, years of education, and MMSE scores.
Periodontitis Status and Mind-Wandering: Testing the SRD Hypothesis

There have been 261 valid sextants in the sample, with 10 % of sextants with CPITN
1, 24% with CPITN 2, 46 % with CPITN 3, 20 % with CPITN 4, and only one sextant with
CPITN 0, excluded from the analyses. Periodontitis pathogens were detected in the entire
sample with Capnocytophaga gingivalis in 93% of the participants, Tannerella forsythia in
86%, Treponema denticola in 75%, Peptostrep. (Micromonas) micros in 71%,
Porphyromonas gingivalis in 50%, and Fusobacterium nucleatum in 41%. Three pathogens
were very rare in the sample, thus reducing the number of participants for correlation analyses
to 12 or less (Eubacterium nodatum detected in 20% of the participants, Aggregatibacter
actinomycetemcomitans 18%, and Prevotella intermedia 13%). Therefore, these three
pathogens were excluded from the analyses (see Table 1 for the means of all CPITN indices,
the number of periodontitis pathogens, and the number of subjectively evaluated periodontitis
symptoms).

Based on the participants’ responses to whether they had any thought in a thought
probe, and if so, if it was related to the experience of doing the Man-made/Natural Task, and
whether it was spontaneous or deliberate, we calculated the number of spontaneous task-
unrelated thoughts (the amount of mind-wandering). In line with the literature, these thoughts
were further divided into: (a) picture-related vs. picture-unrelated (i.e., whether related to
pictures presented as part of the Man-made/Natural Task or not), (b) present vs. past vs. future
oriented (see Table 1 for the mean number of each type of spontaneous task-unrelated

thoughts).
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Table 2 shows zero-order correlations between periodontitis status and mind-
wandering measures. In line with our predictions, periodontitis status, measured objectively
and subjectively, was significantly related to several types of spontaneous task-unrelated
thoughts during the Man-made/Natural Task, and for each of these types of thoughts, poorer
periodontal health was related to fewer mind-wandering, and better periodontal health was
related to more mind-wandering. For objective measures of periodontitis status, there has
been a moderate positive correlation between the number of sextants with CPITN 1 (the more
sextants with CPITN 1, the better periodontal health) and the number of spontaneous, task-
unrelated thoughts that were picture-unrelated and present-oriented. This type of spontaneous
task-unrelated thoughts was also negatively related to the mean CPITN, which was the sum of
CPITN codes divided by the number of valid sextants (small correlation), and the highest
CPITN code among valid sextants (correlation close to moderate). For the subjective measure
of oral health, the number of periodontitis symptoms reported by the participants was
negatively associated with the number of spontaneous task-unrelated thoughts that were
picture-related and oriented either toward the future (moderate correlation) or past (small
correlation).

Table 3 shows the results of hierarchical regression analyses predicting mind-
wandering from background variables (age, years of education, and MMSE scores) and
CPITN scores. The amount of mind-wandering, as measured by the number of spontaneous,
task-unrelated thoughts that were picture-unrelated and present-oriented, remained positively
associated with the number of CPITN 1 sextants ($=0.348; p<0.05), and negatively associated
with the mean CPITN ($=-0.201; p<0.05) and the highest CPTN (=-0.282; p<0.05; Table 3).
For each of these measures of periodontitis status, the addition of the periodontitis status score
as a second step in the regression model contributed uniquely and significantly (see Table 3).

Table 3 also shows the results of hierarchical regression analyses that predict mind-wandering
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from background variables (age, years of education, and MMSE scores) and the number of
periodontitis symptoms chosen by the participant on the list of symptoms. The number of
symptoms remained negatively associated with the amount of mind-wandering that was
picture-related and future-oriented (5=-0.316; p<0.05), and this number contributed
significantly when added as a second step in the regression model (Table 3). However, the
number of symptoms was no longer a significant predictor of mind-wandering that was
picture-related and oriented toward past.

The correlation analyses did not show significant associations between mind-
wandering measures and the number of each type of periodontitis pathogen (ps>.144).
However, since the number of pathogens, as a measure of periodontal health, met the criteria
under which the dichotomised indicator performs as well as or better than the original
continuous indicator>>>®, for each pathogen we a posteriori assigned participants to two
groups: one group with a high number of bacteria (above the median for the sample) and the
other group with a low number of bacteria (below the median for the sample). The groups
were then compared on mind-wandering measures. Significant group differences were found
for Tannerella forsythia, which was one of the most common pathogens in our sample. In line
with our predictions, individuals with a high number of bacteria showed less mind-wandering
that was picture-related and past-oriented (M=3.60, SD=4.02) than those with a low number
of bacteria (M=6.43, SD=5.53) (t=-1.754; p<.05; d=.453). Similarly, individuals with a high
number of bacteria showed less mind-wandering that was picture-related and future-oriented
(M=1.23, SD=1.59) than those with a low number of bacteria (M=2.33, SD=3.04) (t=-2.271,;
p<.05; d=.586). The cutoff number of Tannerella forsythia for group assignment was 15500,

and the groups did not differ in age, education, or gender (ps>0.170).



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

Periodontitis Status and Episodic Memory

The periodontitis status measures were not significantly associated with performance
in Addenbrooke’s Cognitive Examination III (ACE-I1I1) (see Table 4), neither with
performance in several subtests that evaluated attention, fluency, visuospatial abilities and
language, nor with the total ACE-111 score, from which the memory subtest was excluded
(CPITN scores: ps>.080; number of symptoms subjectively: ps>.152; number of pathogens
ps>.100). This pattern was in line with our predictions.

There was a significant correlation between one measure of periodontitis status (the
number of CPITN 1 sextants) and another test measuring general cognitive function, namely
MMSE (r=.261; p<.05; Table 4). However, it did not contradict our predictions since MMSE
includes episodic memory tasks. Furthermore, the relationship between the CPITN 1 sextants
and MMSE did not remain significant after adjustment for age and education in a two-step
hierarchical regression analysis, with MMSE as a dependent variable and the CPITN 1
sextants as a predictor.

The CPITN scores and the California Verbal Learning Test (CVLT). Four
significant correlations were found between the number of sextants with CPITN 4, which are
the sextans most severely affected by periodontitis, and the CVLT indices (see Table 4). In
line with our predictions, these relationships were negative for recall measures, and positive
for the number of intrusion errors. Furthermore, and also in line with our predictions, the
mean CPITN was positively associated with the number of intrusion errors from five learning
trials, and negatively associated with long delay free recall. Except for a moderate correlation
between the CPITN 4 sextants and the number of intrusion errors in the fifth trial, all of these
correlations were small.

Table 5 shows the results of hierarchical regression analyses predicting episodic

memory performance from background variables (age, years of education, and MMSE scores)
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and CPITN scores. For all but one of the CVLT indices that were significantly associated
with the CPITN 4 sextants in the correlation analyses, the number of CPITN 4 sextants
remained a significant predictor: free recall in the fifth trial, 5=0.254; p<0.05; intrusions in
the fifth trial, =0.428; p<0.001; intrusions in trials 1-5, 5=0.276; p<0.05. Adding the number
of CPITN 4 sextants as a second step in the regression model contributed significantly for all
these episodic memory measures (see Table 5). In contrast, mean CPTIN was no longer
related to episodic memory, for any of the two CVLT indices that were significantly
associated with it in the correlation analyses.

Periodontitis symptoms, subjectively evaluated, and CVLT. The number of symptoms
chosen by the participant on the list of symptoms was not significantly associated with any of
the episodic memory test indices (ps>.072).

The number of periodontitis pathogens and CVLT. Seven significant associations
were found between the number of different types of pathogen and CVLT indices (see Table
6). In line with our predictions, these relationships were negative for recall measures, and
positive for the number of intrusion errors. Most of the correlations were moderate, except for
one small correlation between free recall in trials 1-5 and Tannerella forsythia and one large
correlation between the fifth trial intrusions and the number of Fusobacterium nucleatum.

Table 7 shows the results of hierarchical regression analyses predicting episodic
memory performance from background variables (age, years of education, and MMSE scores)
and the number of bacteria. Three pathogens remained significantly associated with the fifth
trial intrusions: Tannerella forsythia, = 0.475; p<0.001; Peptostrep. (Micromonas) micros,
S=0.329; p<0.05; Fusobacterium nucleatum, $=0.755; p<0.001, and the addition of the
number of these pathogens as a second step in the regression model contributed significantly
(see Table 7). Two pathogens remained significantly related to intrusions in trials 1-5:

Peptostrep. (Micromonas) micros, /=0.300; p<0.05; Fusobacterium nucleatum, =0.294;
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p<0.05, and adding the number of these pathogens as a second step in the regression model
contributed significantly (see Table 7). One of the two recall measures that were significantly
associated with the number of pathogens in the correlation analyses, namely the recall in the
fifth trial, remained significantly related to the pathogens (Treponema denticola, /=-0.276;
p<0.05).
Discussion

A novel SRD hypothesis argues that individuals in the preclinical stages of AD are
particularly impaired in tasks based on spontaneous retrieval, and thus these tasks are
sensitive to very early signs of cognitive decline. Our first objective was to provide more
evidence to support the SRD hypothesis by showing, for the first time, the relationship
between poorer periodontal health, which is considered a risk factor for AD, and reduced
spontaneous retrieval, as measured by fewer mind-wandering. Our second objective was to
provide evidence that poorer periodontal health is particularly associated with worse episodic
memory. Therefore, we expected to show the relationship between periodontitis and
performance on the comprehensive episodic memory test, rather than the association between
periodontitis and the measure of general cognitive function from which memory was
excluded. We confirmed the expected relationships.
The Spontaneous Retrieval Deficit Hypothesis: Relationship between Periodontitis and
Mind-wandering

We found several significant associations between measures of mind-wandering and
periodontitis, across subjective and objective indices of oral health, and all were in the
expected direction. Importantly, all but one of these associations remained significant after
adjustment for age, education, and general cognitive function (as measured by MMSE
scores). The latter finding, together with the fact that quite a few relationships between

periodontitis and the California Verbal Learning Test were no longer significant after
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adjustment for MMSE scores, supports our argument about the advantage of mind-wandering
as an early marker of cognitive decline. Specifically, compared to cognitive processes
captured by neuropsychological tests, including the episodic memory test that we used, mind-
wandering is less dependent on general cognitive function.

Although correlation analyses did not show significant associations between the
number of periodontitis pathogens and mind-wandering, due to median-split we did find
fewer mind-wandering, picture-related and oriented either toward the past or future, in the
group with an elevated number of Tannarella forsythia, which was one of the most common
pathogens in our sample. Given the exploratory nature of these findings, they should be
interpreted with caution. However, it should be noted that they are in agreement with the
results of the correlation analyses between mind-wandering and other periodontitis measures.
They are also in line with previous studies in which individuals with aMCI had spontaneous
retrieval deficits primarily within the same two types of mind-wandering: stimulus-related
thoughts that were oriented either toward the past or future?®2°,

Taken together, our findings significantly expand previous data on reduced mind-
wandering in aMCI and early stages of AD, and provide novel evidence to support the SRD
hypothesis by showing the relationship between spontaneous retrieval and the risk factor of
AD, namely periodontitis.

Relationship between Periodontitis and Episodic Memory

We found many significant associations between episodic memory indices and
periodontitis status, objectively measured by both CPITN and pathogens, and a substantial part
of them remained significant after adjustment for age, education, and general cognitive
function. All associations were in the expected direction, and they were stronger for the number
of pathogens than CPITN. At the same time, no relationship was found between periodontitis

and the tests measuring specific cognitive abilities, other than memory, or a general index of
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cognitive function (Addenbrooke’s Cognitive Examination III) from which memory was
excluded. These findings unequivocally support the claim that periodontal health is particularly
related to episodic memory, and may help to gain a clearer understanding of the association
between oral health and dementia.

A particular link between periodontitis and memory suggests that periodontal health
may be primarily related to an elevated risk of Alzheimer’s type dementia, the early stages of
which, unlike other types of dementia, manifest with memory impairment*®-5, This
conclusion is supported by the results of biomolecular studies that have shown associations
between periodontitis and specifically AD, e.g., the presence of periodontitis pathogens
within brain tissue from individuals with AD in post-mortem assessment®’; the presence of
periodontitis bacteria’s DNA in cerebrospinal fluid from individuals with probable AD%; a
decreased ability to learn and memorise following intracellular accumulation of 3-amyloid
after chronic exposure to the periodontitis pathogen that was demonstrated in the animal
model®®, and increased production of B-amyloid and tau protein in mice’ brain, which is AD-
specific pathology, after chronic oral exposure to periodontitis pathogen®®.

Our results thus expand the accumulating data that suggest that periodontitis is primarily
related to the elevated risk of AD, by showing its relationship with episodic memory in general
and spontaneous retrieval in particular. It has important implications for research on early
identification of AD risk, as well as clinical practise. The data suggest that the presence and
severity of periodontitis should be considered when projecting the probability of progression to
AD in preclinical groups or when developing questionnaires and clinical inventories designed
to assess such risk. Regarding clinical practise, they show the importance of taking special care
of gingival health in individuals with an elevated likelihood of progression to AD as a means

of reducing the risk of progression.
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Limitations and Future Directions

Despite encouraging findings, the present study has some limitations that will need to
be addressed in future research, such as weak to moderate associations between periodontitis
status and mind-wandering, and periodontitis status and episodic memory. Furthermore, these
associations were found only for some measures of mind-wandering and episodic memory.
The lack of stronger associations may be due to the characteristics of the sample that
consisted of high functioning, well educated, and community-dwelling older adults with a
restricted range of periodontal health indices. Since participants were able to take care of their
dental health, the sample did not include many of those with highly developed periodontal
disease. This explanation is in line with the results of previous studies suggesting that the
relationship between oral health and cognitive function is stronger for groups with a lower
overall, and of a wider range, oral health status (e.g., residents of nursing homes), compared
to high functioning, community-dwelling older adults®*®°. To ensure a greater variance in
periodontitis status, future studies on the relationship between periodontitis and specific
memory processes can recruit both high functioning community-dwelling adults and residents
of nursing homes.

It should be noted that the pattern of our results suggests that mind-wandering is more
consistently associated with CPITN scores and subjective evaluation of periodontal
symptoms, while episodic memory is more consistently associated with the number of
pathogens and CPITN scores, with the majority of the associations found with the number of
sextants most severely affected by the disease (CPITN 4). It may be due to the fact that the
three measures of oral health applied in our study provide somewhat different types of
information on oral health status. The number of bacteria represents the current scale of
infection with certain types of periodontitis pathogens, while CPITN describes the visible

changes in the structure of the gums caused by periodontitis over the years. These changes are
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caused by the gingivitis infection, but can remain observable even after the gingivitis
infection is treated or decreased®!. Therefore, it is possible to have a low number of
periodontitis bacteria due to the applied gingivitis treatment and, at the same time, to have
visible moderate changes in gum structure caused by periodontitis over the years. Similarly,
the chosen symptoms show what kind of periodontitis symptoms the participant has
experienced during the course of the disease, even if they do not have gingivitis or an elevated
number of bacteria at the time of examination, due to the previously applied treatment. This
reasoning is supported by our additional analyses in which a significant relationship with the
number of bacteria was found for the number of CPITN 4 sextants, but not for the other three
CPITN codes or the number of symptoms. Therefore, the pattern of relationships may suggest
that mind-wandering is more related to cumulative, but not very severe, changes caused by
well-managed disease over the years, while episodic memory is more related to the most
severe changes in the gums caused by poorly managed periodontitis. Future studies may
address this issue more directly.

Finally, since our investigation was a single-assessment cross-sectional study, further
longitudinal examination is needed to be able to unequivocally determine the causality and
directionality behind the relationships that we demonstrated. Of particular interest would be
the use of prospective longitudinal studies to investigate how simple tasks relying on
spontaneous retrieval will compare with standard neuropsychological tests currently used, in
terms of early detection of MCI and prediction of conversion rates to AD. Future studies may
also investigate the relationship between deficits in spontaneous cognitions and biological

markers of AD (e.g., amyloid plagues or the ApoE4 gene).
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Method
Participants

A total of 60 participants (Mage=72.52; SD=4.15; 86% women) who lived
independently in the community, with varying periodontal treatment needs were recruited. To
ensure sufficient power, we performed the a priori power analysis on GPOWER 3.1%2, Since
there were no published studies on the relationship between periodontal health and
spontaneous retrieval, as measured by mind-wandering, the calculation of the effect size was
based on the relationship found by Manchery et al.3* (r=-.51) between periodontal health and
an event-based prospective memory task. According to theoretical explanations of prospective
memory3®37, performance on event-based prospective memory tasks, in contrast to
performance on the other type of prospective memory tasks (time-based), can be based on
spontaneous retrieval of intended actions. With an alpha level of .05 and a minimum power of
.95, 39 participants were necessary to find a statistically significant effect for a zero-order
correlation. However, Manchery et al.>* found the relationship between objectively measured
periodontal health and prospective memory among older adults living in a retirement village,
and suggested that this link may be weaker among older adults who live independently in the
community, among which oral health is generally much better, so the range of oral health
indexes is relatively restricted. Therefore, to avoid the risk of not having enough power to
capture the relationship between oral health and mind-wandering, we recruited more
participants than the calculations indicated were necessary.

The participants were members of senior social clubs or volunteers in the community,
and they all received 150 PLN (approximately 34 USD) for their participation. The study was
carried out in accordance with the Declaration of Helsinki and was approved by the Bioethics
Research Committee at Jagiellonian University (Opinion number: 1072.6120.76.2022).

Participants provided their informed written consent to take part in the study. For all



449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

participants, inclusion criteria were: (a) no head/brain injuries, (b) no history of
cerebrovascular disease, (c) no current dependence on alcohol or substances, (d) no medical,
neurological, or psychiatric disorders resulting in cognitive dysfunctions, (e) age more than 65
years, (f) not meeting the criteria of the Diagnostic and Statistical Manual of Mental
Disorders’ (DSM-5) for dementia®®, (g) preserved general cognitive function as confirmed by
a normal score on the Mini-Mental State Examination (MMSE)® (normality cut-off score:
24)% — MMSE scores in the sample ranged from 25 to 30, (h) maintained activities of daily
living as confirmed by a maximum score on the Instrumental Activities of Daily Living
(IADL) subscale of the Nurses' Observation Scale for Geriatric Patients (NOSGER)®®¢7 (i)
absence of severe depression, as confirmed by a score below 10 on the Geriatric Depression
Scale 15% . Fluency in Polish and adequate vision and hearing were also required. Inclusion
criteria were evaluated in the initial interview screening.
Measures

Neuropsychological evaluation. A Polish version of the Mini-Mental State
Examination® was used in the initial screening for dementia. To measure episodic memory, a
Polish version® of the California Verbal Learning Test (CVLT)? was used. During CVLT,
the experimenter reads a list of 16 nouns aloud over five learning trials. After each trial, the
participant is asked to recall as many words as possible. After the fifth trial, a distractor list,
with new 16 words, is presented. Free recall of the original list is tested immediately (short
delay), and again after 20 minutes (long delay). We calculated four free recall measures for
which a higher score indicated better performance: (a) the number of words recalled after the
fifth trial, (b) the number of words recalled across all five trials, (c) the number of words
recalled after the short delay, and (d) the number of words recalled after the long delay.
Furthermore, the number of intrusion errors (recalling words that were not present on the

original list) was calculated after the fifth trial, for all five trials together, after the short delay
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and the long delay, with a higher score indicating poorer performance. Attention, executive
functions, language and visuospatial abilities were tested with Addenbrooke’s Cognitive
Examination 111 (ACE-111)"°. There were three tasks in the attention subscale (maximum score
— 18), two verbal fluency tasks in the executive function subscale (max. 14), seven tasks in
the language subscale (max. 26), and five tasks in the visuospatial abilities subscale (max.
16). For all these subscales, a higher score indicated better performance. ACE-III also
included five memory tasks, but the memory subscale was excluded from the total ACE-III
score.

Oral health evaluation. An eight-item list of warning signs of periodontal disease was
developed. The list of symptoms was based on’* and symptoms published by the Centres for
Disease Control and Prevention of the United States’. Participants were asked to confirm or
deny experiencing any of the symptoms on the list (YES/NO answer). The list included: (a)
swollen gums, (b) redness of the gums, (c) bleeding gums during brushing or spontaneously,
(d) exposure of tooth necks, (e) migration of teeth, (f) loosening of teeth, (g) sore gums while
brushing, (h) unpleasant smell from the mouth, (i) unpleasant taste in the mouth, (j) recurrent

gingivitis, and (k) hypersensitivity of teeth to extreme temperatures.

To capture possible associations between gingival health and cognitive functioning
rather than diagnose participants with periodontitis, we measured the number and severity of
symptoms of periodontal disease. Two types of oral examination were performed in one
specialist dental clinic by the same single examiner who was a qualified dentist and had no
access to the data about the participants collected during the neuropsychological evaluation
session. As the first type of oral examination, gingival health was evaluated using the
Community Periodontal Index of Treatment Needs (CPITN) recommended by the WHO™,
The index could range from 0 to 4, with: O for healthy periodontium, 1 for gingival bleeding

on probing (gingivitis infection), 2 for the presence of subgingival calculus (i.e., 0-2 indicated
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no symptoms of periodontitis), 3 for the presence of at least one pathological gingival pocket
4-5mm (symptom of periodontitis), and 4 for at least one pathological gingival pocket 6mm
or more (symptom of severe periodontitis) indicating the need for complex treatment’®. The
index was calculated for each tooth sextant as the tooth score with the highest CPITN.
Sextants with less than 2 teeth were excluded from the calculations. We analysed CPITN
scores at various levels. First, we analysed the number of sextants with each CPITN code per
participant. Since CPITN codes 3 to 4 indicate the presence of pathological gingival pockets,
i.e., sextants considered to be severely affected by the disease’, the higher the number of
sextans with these CPITN codes, the poorer the gingival health. In contrast, CPITN codes 0 to
2 indicate a lack of pathological gingival pockets, and therefore, the higher the number of
sextans with these CPTN codes, the better the gingival health. Second, for each participant,
we calculated the mean CPITN score (i.e., the sum of CPITN codes divided by the number of
valid sextants), and the highest CPITN score. For both indices, a higher score indicated poorer

gingival health.

As the second type of oral examination, the number and type of periodontitis
pathogens present within the periodontium were examined with PET plus (MIP Pharma®,
Germany). During the examination procedure, the dentist placed, for 20 seconds, a special
sterile dental filter in the periodontal pockets, or in the area of the periodontium, if the
participant was healthy. One pooled sample per participant was collected from four sextants
with the deepest pathological gingival pockets. If pocket depths did not exceed 3mm in the
individual (which was the case only for 4 participants), the sample was taken from four
different sextants with the deepest pockets within the normal limit (i.e., <3mm). If there
were fewer than four sextants present, the sample was taken four times from the available
sextants. After that, the filter was secured in a special transport sample, and then sent to the

MIP Pharma® specialistic biomolecular laboratory in Germany by ordinary mail. In the
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laboratory, the sample was analysed using the real-time polymerase chain reaction (PCR)
method to isolate the DNA of bacteria. The test was designed to detect nine types of
periodontitis bacteria: Aggregatibacter actinomycetencomitans, Porphyromonas gingivalis,
Treponema denticola, Tannerella forsythia, Prevotella intermedia, Peptostreptococcus
micros, Fusobacterium nucleatum, Eubacterium nodatum, and Capnocytophaga gingivalis,
which are the most prevalent periodontitis pathogens’®"°. We analysed the number of

detected pathogens for each participant, separately for each type of bacteria.

Mind-Wandering Evaluation. Participants completed a computer-based Man-
made/Natural Task, which was originally developed by Maillet and Schacter®, and then
modified and used to test the SRD hypothesis by Wereszczynski and Niedzwienska?®. The
task consisted of a 242-slide presentation of pictures showing natural objects (e.g., flower)
and man-made objects (e.g., car). Below each picture was a caption corresponding to it.
Participants were asked to decide whether the object depicted was artificial or natural. Each
stimulus was presented for 4 seconds, followed by a blank screen for 4 seconds. Every 6 to 10
stimulus slides, the task stopped and thought probe questions appeared on the screen.
Participants were asked to describe their thought content the moment before the question
appeared on the screen by choosing one of the following answers: (1) I didn’t have any
thoughts; (2) I had a thought triggered by one of the pictures | saw; (3) I had a thought
unrelated to the task or any of the pictures | saw; (4) | was thinking how | feel about doing
this task. It is important to note that the last category (task-related thoughts) would
predominantly include so called task-related interference®®°, i.e., concerns about task
performance (e.g., Oh no! I’'ve chosen wrong answer!) or opinions about the task itself (e.g.,
This task is very easy). Such thoughts may sometimes include references to the pictures, but
only to the pictures as parts of the task, and they will still be expressing, for example,

concerns about the task performance (e.g., The tree is natural but I have chosen that it’s man-
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made!) or opinions about the task itself (e.g., Pictures take too long to change). In contrast,
thoughts from the second category (picture-related thoughts) would be direct associations
with the pictures, without any reference to the task, e.g., My friend is a mechanic after seeing
the picture of a car.

If participants had stimuli-related thoughts, they were additionally asked which picture
had triggered the thought. The participants were then asked whether the thought they had was
spontaneous or deliberate. Finally, they were asked if the thought they had was about the past,
present, or future. The categories of thoughts and the thought probing procedure were adapted
from Maillet and Schacter® and Wereszczynski and Niedzwienska?® (see also?®! for similar
thought probing).

The presentation of the stimuli and the response collection were controlled by Inquisit
5 software running on a 14” foldable notebook. Pictures measured on average 600 px (height)
X 600 px (width) at a viewing distance of 60 cm, and were presented on a white background
in the centre of the screen. They were generated in random order, which was then the same for
each participant. Since older Polish adults may not be very familiar with using the computer,
all participants gave their answers orally, rather than typing them into the computer, and the
experimenter manually recorded the responses of the participants.

Stimuli-pictures were obtained from the same base as used by Maillet and Schacter®,
that is, the Bank of Standardised Stimuli®>®, The base consists of stimuli that were assessed
on different dimensions by a large number of participants, as part of normalisation studies.
One of these dimensions was familiarity, measured by the question: “Rate the level to which
you are familiar with the object” on a 5-point scale (1=very unfamiliar; 5=very familiar). For
the study by Wereszczynski and Niedzwienska?®, 300 pictures with the highest familiarity
scores and 300 pictures with the lowest familiarity scores were chosen from the base, and then

piloted among older Polish adults to obtain those that would be most familiar and most



574  unfamiliar for a Polish sample. Since Wereszczynski and Niedzwienska?® showed that mind-
575  wandering was much more likely when older adults were exposed to highly familiar pictures,
576  compared to when they were exposed to highly unfamiliar pictures, a total of 242 pictures
577  with the highest mean familiarity (M=4.16; SD=0.34) were selected for the final set in the
578  present study. Due to the predominance of pictures showing man-made objects among the
579  pictures rated as most familiar, pictures with natural objects accounted for 1/3 of the stimuli.
580 As should be with a cognitive task, during which mind-wandering is evaluated, the
581  performance of the participants on the Man-made/Natural Task, as measured by the

582  percentage of correct answers out of all answers provided, was at ceiling (M=96.45,

583  SD=2.19). The performance was not associated with any of the mind-wandering measures
584  (ps>.223).

585  Procedure

586 Participants were individually tested in two psychological evaluation sessions (each
587  approximately 1 hour long) on separate days, and in one dental examination session

588  (approximately 0,5 hour long) which took place between psychological evaluation sessions.
589  The screening interview, NOSGER-IADL, MMSE, ACE-III, and the Geriatric Depression
590 Scale 15 were administered at the first psychological evaluation session. The Man-

591  made/Natural Task and CVLT were completed in the second.

592 At the beginning of the second psychological evaluation session, participants

593  completed short-delay CVLT tasks. They were then briefly introduced to the Man-

594  made/Natural Task. The procedure of administering the task was the same as in

595  Wereszczynski and Niedzwienska?®, and its description is based on their paper. Participants
596  were asked to press ‘S’ on the keyboard if the object on the screen was man-made, and to
597  press ‘N’ if it was natural. They were also informed that we are interested in what types of

598  thoughts people experience while performing such tasks. Therefore, the slide presentation
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would occasionally stop, at which point they would be prompted to report their thoughts at the
exact moment they were stopped. Participants were briefly informed about the thoughts they
might experience during the task and what options they would have to categorise them, i.e.,
no thoughts, picture-triggered off-task thoughts, picture-unrelated off-task thoughts, and
thoughts about the experience of performing the task. This was followed by training, during
which participants were given examples of thoughts of various categories and asked what
category they would choose. If they made the wrong choice, it was explained why it should be
a different category. The exemplary thoughts were, among others: | used to work as a bus
driver after seeing the picture of a bus; | have a doctor appointment tomorrow, with no
picture related to this fact; | wonder if | have chosen the right answer. The training continued
until the participant was able to correctly categorise all types of thoughts. The participants
were then explained the difference between spontaneous thoughts (thoughts that pop into
mind without your intention) and deliberate thoughts (something you deliberately chose to
think about). Finally, participants were briefly informed about the types of off-task thinking
they could experience, i.e., that it could be related to something that: (a) was happening in the
present, at any point in the course of the task (e.g., I love my family); (b) had happened in the
past, before starting the task (e.g., | went to Spain last year); (c) would happen in the future,
after completing the task (e.g., | am going to eat delicious supper today). This was followed
by a short practise with two 10-slide trials and two thought probes. After practising,

participants completed the long-delay CVLT tasks and the Man-made/Natural Task.
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Table 1

Summary of mean results for demographic variables, mind-wandering, neuropsychological tests, and oral examinations

Variable Mean SD
Age 72.517 4.152
Education (years) 16.083 2.757
Mind-wandering: Spontaneous task-unrelated thoughts
Picture-related: ~ Present 6.333 5.190
Past 5.017 5.000
Future 1.783 2471
Picture-unrelated: Present 0.417 0.979
Past 0.017 0.129
Future 0.217 0.865
Geriatric Depression Scale 15 2.467 2.281
MMSE 28.117 1519
Addenbrooke’s Cognitive Examination-111
Attention 17.400 0.785
Fluency 11.850 1.938
Visuospatial functions 15.750 0.541
Language 25.783 0.454
Total (excluding memory) 70.783 2.484
California Verabal Learning Test
Trial 5: free recall 11.150 2.385
Trial 5: intrusion errors 0.267 1.205
Trials 1-5: free recall 47.717 10.064
Trials 1-5: intrusion errors 1.333 2.398
Short delay free recall 9.33 3.317
Short delay free recall intrusion errors 0.25 0.541
Long delay free recall 9.90 3.203
Long delay free recall intrusion errors 0.57 1.267
Community Periodontal Index of Treatment Needs (CPITN) scores
Sum of sextants with CPITN 1! 43 .810
Sum of sextants with CPITN 2 1.03 1.235
Sum of sextants with CPTIN 3 2.02 1.479
Sum of sextants with CPTIN 4 0.85 1.162
Mean CPITN? 2.781 0.618
Highest CPITN?® 3.42 0.671
The number of periodontitis symptoms evaluated subjectively 3.950 2.727
The number of periodontitis pathogens
Porphyromonas gingivalis 900595,5 2310386
Treponema denticola 204062 439252,2
Tannerella forsythia 125645,2 283586,5
Peptostrep. (Micromonas) micros 6108,333 13017,13
Fusobacterium nucleatum 4891,167 14331,26
Capnocytophaga gingivalis 32865,33 45195,72

1 There was only one sextant rated CPITN 0 across all participants, so sextans with code 0 are not included; 2Sum of
CPITN codes divided by number of valid sextants; 3 The highest CPITN code among valid sextants




Table 2

Testing the relationship between poorer periodontal health and fewer mind-wandering with zero-order correlations between
Community Periodontal Index of Treatment Needs (CPITN) scores and mind-wandering measures

Mind-wandering: Spontaneous task-unrelated thoughts

Picture-related Picture-unrelated
Present Past Future Present Past Future

Community Periodontal Index of Treatment Needs (CPITN) scores

Sum of sextants with CPITN 1t .078 .027 -.045 .324* -.07 .081

Sum of sextants with CPITN 2 -.137 -11 -.053 -.138 -11 -.134

Sum of sextants with CPTIN 3 194 0 117 -.052 .087 .13

Sum of sextants with CPTIN 4 .028 -.026 -.088 -.168 .243 -.085

Mean CPITN? .105 .009 -.03 -277* 152 -.086

Highest CPITN?® .037 -.083 -.047 -.294* 114 -1
The number of periodontitis symptoms evaluated subjectively .056 -.261* -.351%** -.036 .002 =11

*p <0.05, ** p < 0.01; Values that remained statistical significant after Benjamini—Hochberg correction in bold;* The higher the number
of sextans with CPITN 1 to 2, the better the gingival health; the higher the number of sextans with CPITN 3 to 4, the poorer the gingival
health; 2 Sum of CPITN codes divided by number of valid sextants; a higher score indicates poorer gingival health 3 The highest CPITN
code among valid sextants; a higher score indicates poorer gingival health




Table 3

Hierarchical multiple regression analyses predicting mind-wandering from age, education, MMSE scores and CPITN scores*

Mind-wandering
Picture-Unrelated

Mind-wandering
Picture-Unrelated

Mind-wandering
Picture-Unrelated

Mind-wandering
Picture-Related

Mind-wandering
Picture-Related

About Present? About Present? About Present? About Past® About Future*
AR? B AR? B AR? B AR? B AR? B
Step 1 .079 Step 1 .079 Step 1 .079 Step 1 .280*** 111
Age .083 Age .083 Age .083 Age -.011 -.227
Education -.138 Education -.138 Education -.138 Education .207 -.080
MMSE .265 MMSE .265 MMSE .265 MMSE .388* .194
Step 2 .106* Step 2 .081* Step 2 .079* Step 2 .035 .097*
Age 139 Age .142 Age .076 Age -.003 -.213
Education -.203 Education -.150 Education -.149 Education -.139 -.096
MMSE .196 MMSE .252 MMSE .242 MMSE .385*** .148
CPITN 1 .348* Mean -.292* Highest -.282* Sum of -.190 -.316*
sextants CPITN CPITN symptoms
Total R? .184* Total Rz .159* Total Rz 157* Total R? 315%** .208*

p <0.05, ** p < 0.01, *** p <0.001; *Analyses include only those mind-wandering measures that were significantly related with CPITN scores; 2 Spontaneous task-unrelated thoughts that were picture-unrelated and
present-oriented; * Spontaneous task-unrelated thoughts that were picture-related and past-oriented; “Spontaneous task-unrelated thoughts that were picture-related and past-oriented




Table 4
Testing the relationship between poorer periodontal health and poorer episodic memory with zero-order correlations between the
Community Periodontal Index of Treatment Needs (CPITN) scores and neuropsychological tests

CPITN
Sum of sextants with: Mean Highest
CPITN1 CPITN2 CPITN3 CPITN4 CPITN? CPITN?
MMSE 261* -.047 -.001 -.028 -.100 -.082
Addenbrooke’s Cognitive Examination (ACE-III)
Attention .096 021 023 03 042 129
Fluency 15 -.069 .06 .088 067 166
Visuospatial functions 058 063 -101 236 07 152
Language 121 .104 .081 194 -.013 134
Total (excluding memory) 182 -.042 047 165 079 228
California Verbal Learning Test (CVLT)
Trial 5: free recall 168 056 038 -.279*% .17 -135
Trial 5: intrusion errors -.103 -.063 -.136 A40*** 228 112
Trials 1-5: free recall 215 106 022 -.256* -.234 -145
Trials 1-5: intrusion errors 128 -135 -097 268* 280* 197
Short delay free recall 185 101 -025 -185 -24 -14
Short delay free recall intrusion errors _174 267* 143 -074 -.058 -.058
Long delay free recall 252 151 000 -.109 -.264* -13
Long delay free recall intrusion errors 062 S11 -.159 105 184 196

*p<.05, ** p<.01, *** p <.001; Values that remained statistical significant after Benjamini—-Hochberg correction in bold; ‘Sum
of CPITN divided by number of valid sextants; 2Highest CPITN among valid sextants; For the number of sextants CPITN 1-2, higher
score indicates better gingival health; For the rest of CPITN indices, higher score indicates poorer gingival health; For the CVLT
recall, higher score indicates better memory; For the CVLT intrusion errors, higher score indicates worse memory




Table 5

Hierarchical multiple regression analyses predicting California Verbal Learning Test (CVLT) scores from age, education, MMSE scores and the Community Periodontal Index of Treatment

Needs (CPITN) scores!

CVLT Trial 5: Free CVLT Trial 5: CVLT Trials 1-5: Free CVLT Trials 1-5: CVLT Long delay free CVLT Trials 1-5:
recall Intrusion errors recall Intrusion errors recall Intrusion errors
A R? B A R? B AR? B AR? B AR? B AR? B
Step 1 .165* .043 294 ** .027 Step 1 .220** .027
Age -.014 124 -.163 .146 Age -.109 .146
Education -121 135 =177 .004 Education .031 ,004
MMSE .398** -.094 AB9*** -.049 MMSE A24%* -.049
Step 2 .062* 174%** .043 .073* Step 2 .040 .062
Age -.009 115 -.159 .140 Age -.067 .094
Education -.066 .042 -131 -.056 Education .023 .014
MMSE .386** -.074 459*** -.036 MMSE 415%* -.038
CPITN 4 -.254* A28*** -.213 .276* Mean -.206 .256
CPITN
Total R? 227** 217%* 337x** .100 Total R? .260** .089

*p < 0.05, ** p < 0.01, *** p <0.001 ; *Analyses include only those episodic memory measures that were significantly related to CPITN scores




Table 6
Testing the relationship between poorer periodontal health and poorer episodic memory with zero-order correlations between the number of detected pathogens per specie and
neuropsychological tests

Number of pathogens from specie:

Porphyromonas Treponema Tannerella Peptostrep. Fusobacterium Capnocytophaga
gingivalis denticola forsythia (Micromonas) nucleatum gingivalis
micros
MMSE
-0,223 -0,134 -0,158 0,069 -0,058 0,061
Addenbrooke’s Cognitive Examination (ACE-III)
Attention
-0,202 -0,015 -0,206 0,018 -0,115 -0,057
Fluency
-0,125 -0,099 -0,091 0,090 -0,105 -0,045
Visuospatial functions
0,088 0,034 0,146 0,139 0,025 0,115
Language
-0,070 -0,008 0,042 0,126 -0,051 -0,215
Total (excluding memory)
-0,155 -0,076 -0,096 0,129 -0,122 -0,067
California Verbal Learning Test (CVLT)
Trial 5: free recall
-0,055 -0,305* -0,21 -0,193 -0,168 0,052
Trial 5: intrusion errors
0,135 -0,069 0,484%*** 0,340** 0,765%** -0,059
Trials 1-5: free recall
-0,092 -0,238 -0,265* -0,232 -0,193 0,051
Trials 1-5: intrusion errors
0,009 0,090 0,214 0,306* 0,300* 0,163
Short delay free recall
-0,260* -0,192 -0,242 -0,062 -0,18 0,091
Short delay free recall intrusion errors
-0,169 0,198 -0,123 -0,021 0,014 -0,084
Long delay free recall
-0,155 -0,213 -0,159 -0,024 -0,126 0,028
Long delay free recall intrusion errors
-0,016 -0,007 -0,042 -0,011 -0,092 -0,043

*p<.05, ** p<.01, *** p <.001; Values that remained statistical significant after Benjamini—Hochberg correction in bold; For the CVLT recall, higher score indicates better
memory; For the CVLT intrusion errors, higher score indicates worse memory




Table 7

Hierarchical multiple regression analyses predicting California Verbal Learning Test (CVLT) scores from age, education, MMSE score and the number of pathogens*

CVLT Trial 5: Free CVLT Trial 5: CVLT Trials 1-5: CVLT Trial 5:  CVLT Trials 1-5: CVLT Trial 5: CVLT Trials 1-5:
recall Intrusion errors Free recall Intrusion Intrusion errors Intrusion errors Intrusion errors
errors
AR? B A R? B AR? B AR? B AR? B AR? B AR? B
Step 1 .165*** Step 1 .043 294 ** Step 1 .043 .027 Step 1 .043 .027
Age -.014 Age 124 -.163 Age 124 .146 Age 124 .146
Education -121 Education 135 =177 Education 135 .004 Education 135 .004
MMSE .398*** MMSE -.094 A69*** MMSE -.094 -.049 MMSE -.094 -.049
Step 2 .073* Step 2 217x** .032 Step 2 .103* .085* Step 2 567*** .086*
Age .003 Age .069 -.142 Age .059 .087 Age .108 .140
Education -.152 Education 147 -.182 Education .102 -.026 Education 102 -.009
MMSE .369*** MMSE -.034 A46*** MMSE -.130 -.081 MMSE -.051 -.032
Td? -.276* T AT5*** -.182 Pm* .329* .300* Fn® 755*** .294*
Total R? .238** Total R .260** .326%** Total R? .146 113 Total R? .610*** 113

*p < 0.05, ** p < 0.01, *** p <0.001 ; *Analyses include only those episodic memory measures that were significantly related to the number of pathogens; 2Treponema denticola; *Tannerella forsythia;
“Peptostrep. (Micromonas) micros; Fusobacterium nucleatum
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