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Background: Identifying a poor degree of awareness of cognitive decline (ACD) could

represent an early indicator of Alzheimer’s disease (AD).

Objectives: (1) to understand whether there is evidence of poor ACD in the

pre-dementia stages of AD; (2) to summarize the main findings obtained investigating

ACD in AD; (3) to propose a conceptual framework.

Data Sources: We searched Scopus, Pubmed, and the reference lists for studies

published up to August 2020. Original research articles must report a measure of ACD

and included individuals with AD dementia, or prodromal AD (or MCI), or being at risk

for AD.

Data Synthesis: All studies covering preclinical, prodromal, and AD dementia were

systematically reviewed. We intended to perform a meta-analysis of empirical studies

on preclinical AD or prodromal AD (or MCI), to compare ACD between clinical groups.

Due to the paucity of literature on preclinical AD, meta-analysis was only possible for

prodromal AD (or MCI) studies.

Results: We systematically reviewed 283 articles, and conducted a meta-analysis of

18 articles on prodromal AD (or MCI), showing that ACD was not significantly different

between patients with amnestic and non-amnestic MCI (SMD = 0.09, p = 0.574); ACD

was significantly poorer in amnestic MCI (SMD = −0.56, p = 0.001) and mild AD (SMD

= −1.39, p < 0.001) than in controls; ACD was also significantly poorer in mild AD than

in amnestic MCI (SMD = −0.75, p < 0.001), as well as poorer than in non-amnestic MCI

(SMD = −1.00, p < 0.001). We also discuss key findings on ACD in AD, such as its

neural and cognitive correlates.
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Conclusions and Implications: We propose that patients may be complaining of their

initial subtle cognitive changes, but ACD would soon start to decrease. The individual

would show mild anosognosia in the MCI stage, and severe anosognosia in dementia.

The evaluation of ACD (comparing self-report to cognitive scores or to informant-report)

could be useful to guide the clinician toward a timely diagnosis, and in trials targeting

early-stage AD.

Keywords: awareness, anosognosia, metamemory, hypernosognosia, Alzheimer’s disease

INTRODUCTION

Rationale
Over the past two decades, advances in basic and clinical
research have provided a better understanding of the natural
history of Alzheimer’s disease (AD). It is now well-known
that years pass before pathophysiological changes (such as the
buildup of amyloid plaques and neurofibrillary tangles) lead to
cognitive impairment. AD has therefore been reconceptualized
as a continuum comprising three phases (Dubois et al., 2010):
(i) an initial preclinical phase, in which the patient may show
a subtle decrease in cognitive efficiency compared to his or
her own baseline level, without having normal cognitive scores
(transitional cognitive decline according to Jack et al., 2018); (ii)
an intermediate phase known as prodromal AD, during which
the patient has mild objective cognitive impairment (MCI) which
does not limit his or her autonomy in daily life; and (iii) the
term dementia indicates the final phase of the disease in which
the disorders are more severe, widespread in multiple cognitive
domains, and interfering with autonomy. In a recent study
(Vermunt et al., 2019), the preclinical phase lasted on average
10 years, the prodromal phase 4 years, and the dementia phase
6 years, in individuals who presented with preclinical AD at 70
years of age.

The search for strategies for timely diagnosis (before patients
cross the threshold of dementia) has become one of the key
themes in AD research. A timely diagnosis opens up a wide
spectrum of possibilities for the patients and their family, but also
at the community and societal level, mainly in terms of treatment,
decision-making and cost reduction (see Dubois et al., 2016b for
a review). The importance of timely diagnosis is underlined by
campaigns aimed at the general population, for example within
theWHOGlobal Action Plan on dementia 2017–2025. Their goal
is to promote an accurate understanding of AD, increase public
knowledge about risk factors, and educate people to recognize
early symptoms of AD. This is changing people’s attitudes toward
the disease (Cations et al., 2018, PLoS ONE).

As a result of this ongoing cultural shift, people are
increasingly seeking medical advice for a self-perceived decline
in cognition. A growing number of studies are currently
investigating whether Subjective Cognitive Decline (SCD)
could represent an early (mostly preclinical) indicator of AD.
SCD is defined as a self-experienced persistent decline in
cognitive capacity in comparison with a previous normal status
and unrelated to an acute event, while age-, gender-, and

education-adjusted performance on standardized tests is normal
(Jessen et al., 2014). The idea that seems to prevail is that
the expression of cognitive complaints can represent the first
manifestation of AD prior to objective cognitive impairment.
Results are rather conflicting but various studies have identified
an increased likelihood of biomarker abnormalities consistent
with AD pathology in individuals with SCD (e.g., ApoE
ε4 allele overrepresentation in Abdulrab and Heun, 2008;
abnormal amyloid levels in Wolfsgruber et al., 2015; regional
hypometabolism in Mosconi et al., 2008; atrophy in Garcia-
Ptacek et al., 2014). According to the most recent criteria of SCD
(Jessen et al., 2020), individuals aged 60 years or over, persistently
worried by a memory decline for at least 5 years, for which
they have sought medical advice, and which is confirmed by an
informant, would be more at risk of preclinical AD.

These criteria for SCD are still subject to ongoing validation
and refinement, as the authors also stated (Jessen et al., 2020).
Some studies in recent years have attempted to go further in
describing how patients with early-stage AD experience their
progressive cognitive decline. It has recently been proposed that
exhibiting a poor awareness of cognitive decline (ACD) could
represent an early clinical indicator of the disease (Cacciamani
et al., 2017), more specific than SCD, and should encourage more
in-depth patient monitoring. The lack of awareness of illness
is indeed a known symptom of AD, especially in the dementia
phase, in which it goes under the name of anosognosia. The term
anosognosia derives from the Greek α (without), νoσoζ (disease
or illness), γνωσιζ (knowledge) (Babinski, 1914, translated by
Langer and Levine, 2014).

According to the Dissociable Interactions and Conscious
Experience (DICE) theory (McGlynn and Schacter, 1989;
Schacter, 1989; McGlynn and Kaszniak, 1991), the activation
distinctive cognitive modules representing specific cognitive
functions would trigger the Conscious Awareness System,
resulting in conscious awareness of the information being
processed. Damage to one or more individual modules, or
their disconnection from the Conscious Awareness System,
due to brain damage, would result in a domain-specific deficit
in awareness. The Conscious Awareness System itself could
be damaged, resulting in a generalized unawareness. Agnew
and Morris (1998) and Mograbi et al. (2009) extended the
DICE model, which was renamed Cognitive Awareness Model.
According to this new model, the Conscious Awareness System,
which would be located in the parietal lobe, processes the
feedback received after an action has been executed: in this
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way, the individual becomes aware of having performed it
correctly or not. Then, the mnemonic comparator, located
within the executive system, would compare this knowledge
with existing information about the individual’s abilities. If it
does not match with the semantic personal knowledge base,
this latter would be updated. Anosognosia in AD dementia has
been suggested to arise from a suboptimal ability to detect a
mismatch between current performance and past knowledge
about the self, and to the inability to recollect and update personal
semantics (Graham et al., 2005). Mograbi et al. (2009) added
that AD mainly affects recent memories and predominantly
spares older information about the self, since the oldest memories
are located in the neocortex and therefore less dependent on
hippocampus integrity. This amnestic pattern, together with
executive dysfunction, would result in a petrified self-evaluation
based on premorbid abilities (Kalenzaga and Clarys, 2013).
Recent studies have provided partial support to the Petrified-
self theory. Patients with AD dementia may acknowledge their
deficient performance shortly after its execution, and use this
information to partially and temporarily update their self-
knowledge. However, this new knowledge about the self fails to be
used and integrated into long-term self-representations (Gil and
Josman, 2001; Duke et al., 2002; Ansell and Bucks, 2006; Mimura
and Yano, 2006; Hannesdottir and Morris, 2007; Oyebode et al.,
2007; Stewart et al., 2010; Silva et al., 2017; Bertrand et al., 2019).

The possibility that poor ACD could serve as an early indicator
of AD may seem to run counter to research results on SCD.
However, the concepts of SCD and poor awareness are only
apparently opposed since they can coexist in the same individual,
as found in the INSIGHT-PreAD cohort (Cacciamani et al., 2017,
2020). This is the case of individuals who complain of a certain
degree of cognitive difficulties, still underestimating their severity
or impact on daily life (when compared to the assessment made
by an informant or using cognitive tests). Studying the degree
of ACD in AD continuum helps us to better understand how
patients experience the disease, and therefore better characterize
the cognitive complaints typical of the patient with AD.

The methods commonly used to assess ACD in the context of
AD in research and clinical settings can be categorized as follows.

The first category includes the evaluation of the clinician,
who asks the patient more or less structured questions about
the reason for the visit or whether he or she perceives cognitive
difficulties (e.g., Cova et al., 2017). This is a time-saving method,
but its psychometric robustness is not always known.

A second category is performance-based methods, assessing
(i) the discrepancy between objective cognition and self-
reported cognition (Dalla Barba et al., 2015); and (ii)
the accuracy of pre-test predictions or post-test estimates
of performance (Graham et al., 2005; Hannesdottir and
Morris, 2007; Mograbi et al., 2012). Hannesdottir and Morris
for example propose Objective Judgment Discrepancy to
measure awareness of memory performance (or memory-
monitoring). The clinician or investigator asks the individual
to estimate the number of successfully remembered items
in a memory test, and then applies the following formula:
[(estimated score-actual score) / maximum possible
score on measure] × 100. The main difficulty related
to these methods is that it could be challenging for an

individual to evaluate the performance on unfamiliar
cognitive tasks.

The third category of methods includes the discrepancy
between the cognitive difficulties perceived by the patient and
those reported by an informant (a family member or close
friend). This is generally calculated by asking the patient and
an informant to separately fill in parallel forms of the same
questionnaire that assesses the patient’s cognitive functioning
(e.g., Edmonds et al., 2018). The discrepancy between these
two scores can be treated as a continuum, or a cut-off can
be identified to attribute an awareness status to the subject.
We describe here the main questionnaires allowing to compute
the subject-informant discrepancy. The Cognitive Change Index
(CCI, Rattanabannakit et al., 2016) is a widely used questionnaire.
Two parallel forms are available (one for the patient and one
for an informant), in which they assess the severity of recent
changes in memory (12 items), in attention and executive
functions (5 items), and in language (3 items). The Everyday
Cognition Questionnaire (Farias et al., 2008), known as E-Cog
and also used in the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) cohort study (http://adni.loni.usc.edu), asks the patient
and an informant to evaluate how much specific domains
have changed compared to 10 years ago: everyday memory,
language, visuospatial abilities, planning, organization, and
divided attention. Another questionnaire used in the literature
and of less recent construction is the Anosognosia Questionnaire-
Dementia (AQ-D) by Migliorelli et al. (1995). It is a 30-question
questionnaire that assesses the frequency of cognitive, functional
and behavioral changes. The Healthy Aging Brain Care (HABC)
Monitor is a valid and reliable tool to compare the self- and
informant-report of decline. It includes questions relating to the
cognitive, functional and psycho-behavioral spheres (Monahan
et al., 2012, 2014). Finally, the Patient Competency Rating
Scale (PCRS) was developed by Prigatano (1987) to evaluate
anosognosia following brain trauma. It includes 30 questions
covering cognitive, but also behavioral and functional domains.
The patient and a person who knows him/her well (a family
member or a clinician) use a 5-point Likert scale to assess the
degree of difficulty in the aforementioned contexts.

It has two parallel forms for the patient and an informant,
thus allowing to calculate the discrepancy between the two
reports. The questions ask to assess the frequency of 30
cognitive difficulties or behavioral changes. The subject-
informant discrepancy is one of the most used methods in
literature to measure ACD. However, few studies explored
the psychometric properties of these questionnaires (e.g., Gil
and Josman, 2001; Monahan et al., 2012, 2014). The subject-
informant discrepancy method assumes that the informant’s
report is an accurate source of information. However, the
possibility that the informant’s report could be distorted by
factors such as anxiety, depression, burden, personality traits,
should also to be taken into consideration. In Cacchione et al.
(2003), for instance, the informant’s rating significantly predicted
his or her actual cognitive decline, and its accuracy was above case
even for informants who were not spouses, who did not live with
the patient, or who spoke to the patient less than daily, and for
patients who were older or less educated.

See Rabin et al. (2015) for a review.
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Objectives
We aimed at providing a synthesis of the current state of the
art of scientific literature investigating ACD in relation to AD.
Qualitative and quantitative methods have been used to describe
ACD in AD, to (1) understand whether there is evidence of poor
ACD in the pre-dementia stages, and therefore whether it can be
used as an early indicator of AD; (2) qualitatively summarize the
main results obtained for a better understanding the neural and
clinical correlates of ACD in the different stages of the disease;
(3) outline a theoretical framework, useful in clinical practice in
the context of early AD diagnosis and in research to motivate
further studies and to suggest where future research might be
best directed.

METHODS

Protocol and Registration
The review and meta-analysis protocol have not been published
elsewhere than in this article.

Search Strategy and Study Eligibility
Criteria
Studies were identified by searching two electronic databases
(PubMed and Scopus). The reference list of the resulting articles
was also hand-searched to find additional relevant articles.

Search terms were: “(Alzheimer disease OR Mild Cognitive
Impairment) AND (awareness OR metacognition OR
anosognosia)” (MeSH terms when relevant). We imposed
no restrictions in terms of study type (we included original
research papers, reviews and meta-analyses) and publication
date. In fact, we wanted to include all eligible articles published
until August 2020, when the literature search was carried out.

Original research articles must report at least one measure
of ACD. Review articles must discuss ACD or anosognosia in
relation to AD. Studies that exclusively addressed the awareness
of non-cognitive changes (for example, awareness of functional
decline, or psycho-behavioral disorders) were excluded.

For the selection of articles, we have taken into account that
many diagnostic labels have been proposed over the years and
that preclinical AD is a newly formulated concept. Therefore, we
have established that subjects must be classified as: (i) cognitively-
intact at risk for AD including at least one biomarker for AD
and the findings discussed within the scope of preclinical AD;
or (ii) subjects classified as having a MCI, with or without in
vivo evidence of AD pathology, with no restrictions in terms
of diagnostic criteria used or type of MCI (e.g., amnestic or
non-amnestic); or (iii) individuals diagnosed with AD dementia,
regardless of the diagnostic criteria used. We imposed no
demographical restrictions.

Articles must be in English or French.

Study Selection
Two authors (FC and GG) reviewed all retrieved records by
reading the title and abstract and, if necessary, the body of
the article. We checked whether the articles met the eligibility
criteria and issued a decision independent of each other. In the
case of ineligibility, they recorded the reason. Subsequently, they
discussed to reach a common agreement for each article. None of

the authors were blind to the study authors, their affiliations, or
journal title.

Data Collection Process and Data Items
For all original research articles, we used an uncoded form,
along the lines of the Cochrane Data Extraction Form. We pilot-
tested it on five randomly-selected studies, and no refinement
was needed. For each of these studies, we recorded: (a) aim,
(b) sample size, (c) diagnostic classification of the participants,
(d) mean age, (e) mean and (f) range of the Mini-Mental
State Examination (MMSE) when available, (g) mean years of
education, (h) percentage ofmen, (i) measure used to assess ACD,
(j) statistical model performed, and (k) key findings relevant for
this review.

We also had additional coded items, to be filled in only if the
original research article included at least a subgroup of subjects at
risk for AD (or with preclinical AD) or prodromal AD (or MCI),
as we decided to perform a meta-analysis (Objective 1). Relevant
information to be extracted was determined a priori as follows:

1: Studies treating the measure of ACD as a continuous
variable. We extracted (l) mean ACD of each clinical group
(i.e., cognitively-normal, amnesticMCI, non-amnesticMCI,mild
dementia, moderate dementia, severe dementia), (m) standard
deviation (SD) for each clinical group, (n) size of the whole
sample, and (o) size of each clinical group being compared
in the study. When relevant, continuous measures of ACD
were multiplied by −1 so that, for each article, a lower value
represented a poorer ACD, and a higher value a higher ACD.

2: Studies treating the measure of ACD as a categorical variable.
We extracted the (p) percentage of subjects with impaired ACD
of each clinical group, (q) size of the whole sample, and (r)
size of each clinical group being compared in the study. In
particular, we considered the ACD as impaired when classified
by the authors as both shallow or completely lacking, according
to an established threshold.

The studies on preclinical AD and on prodromal AD (orMCI)
that reported neither mean ACD (and SD) nor percentages of
subjects with impaired ACD were systematically reviewed but
excluded from the meta-analysis.

In the meta-analysis, the indices of ACD were
considered as comparable, even if measured with different
methodological approaches.

Regarding past literature reviews, we used a separate uncoded
form to extract (a) the number of studies included, (b) search
strategy, (c) stage of the disease, and (d) key results.

Data extraction was carried out by three authors (FC and GG
independently, then MH for verification of coded items). Any
discrepancies between the authors were resolved by discussion.

Planned Methods of Analysis
The review of these articles will be addressed thematically by
stage of the disease, which means that we will discuss the degree
of awareness of patients in dementia, prodromal (or MCI), and
preclinical stages, separately.

We intended to systematically review all the articles and
to conduct a meta-analysis only of those including at least a
subgroup of subjects at risk of AD (or with preclinical AD), or
with prodromal AD (or MCI). Indeed, we wanted to place special
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emphasis on the degree of ACD in the pre-dementia stages, which
is currently being debated, although we included studies on all
three stages to investigate ACD throughout the entire course
of AD.

We decided a priori that we would conduct a meta-
analysis when at least three articles compared the same pair of
clinical groups.

Summary Measures
A random-effectmeta-analysis using the inverse variancemethod
was performed for each pairwise comparison. For articles treating
the measure of ACD as a continuous variable: we estimated a
standardized mean difference (SMD) between clinical groups
using Hedges’ g method. For articles treating themeasure of ACD
as a categorical variable: we estimated the odds ratio (Robins
et al., 1986) and converted it to Hedges’ g estimate (see Borenstein
et al., 2009) in order to make these studies comparable to those
that treated ACD as a continuous variable.

Heterogeneity was tested using Cochran’s Q test and assessed
through I2 and Tau2 indexes.

Statistical analyses were performed using R 3.6.1. and themeta
(V. 4.9-7) package.

Assessment of the Risk of Bias
To ascertain the validity of the included studies, we a priori
identified some potential risks of bias and noted them when
extracting data from the studies: (i) heterogeneity of study
populations (e.g., in terms of age, sex, education); (ii) unclear
stage of disease (e.g., inclusion of subjects with a diagnosis of
AD dementia without specifying stage of severity); (iii) absence of
evidence of abnormal AD biomarkers in case of MCI diagnosis;
(iv) heterogeneity in the definition of preclinical AD.

RESULTS

Study Selection
A flow chart showing the selection process and results is provided
as Supplementary Materials. The bibliographical search yielded
662 citations, published between 1991 and August 2020. Of these,
379 did not meet the eligibility criteria and were excluded. Two
hundred and eighty-two articles were systematically reviewed.

Figure 1 shows the number of revised publications per year
and stage of the disease addressed.

We systematically reviewed 52 studies including subjects with
prodromal AD or MCI. Eighteen of these were eligible for the
meta-analysis, as they reported either a mean index of ACD
(and SD) or the percentage of subjects with impaired ACD
(see Supplementary Table 1 for more details). These studies
compared ACD between clinical groups: controls, amnestic MCI,
non-amnestic MCI, mild AD. The group of participants with
moderate AD was excluded from the meta-analyses, as they were
only compared with subjects with amnestic MCI in 1 article and
with mild AD in 1 article.

On the contrary, themeta-analysis of the studies on preclinical
AD was not possible, as the articles were too few (<3 articles
comparing the same clinical groups).

Characteristics and Key Findings of
Studies on AD Dementia
Prevalence of Anosognosia in AD Dementia
The prevalence of anosognosia in AD dementia has been
estimated between 40 and 91% based on the study, this range
varying according to the severity of dementia, which was found to
be the main determinant of anosognosia (Akai et al., 2009; Maki
et al., 2013; Turró-Garriga et al., 2016).

Prevalence estimations may also vary according to how the
anosognosia was operationalized and measured. In fact, all three
studies that identified a lower prevalence of anosognosia in
dementia (around 40%) had used the Awareness of Deficit
Questionnaire-Dementia (AQ-D; Migliorelli et al., 1995). It
consists of 30 questions in which the patient and an informant
assess separately the frequency of certain cognitive difficulties,
difficulties in everyday tasks, and changes in interests and mood.
In contrast, a higher prevalence of anosognosia in dementia
was found for instance in Lacerda et al. (2020) using the
Assessment Scale of Psychosocial Impact of the Diagnosis of
Dementia (Dourado et al., 2007, 2014). This is a 23-question-
semi-structured interview, assessing awareness in the domains of
cognition, social functioning, emotional status, and activities of
daily living.

Neural Correlates of Anosognosia in AD Dementia
Anosognosia appears to be present in those demented AD
patients who have particular frontal and temporoparietal lesions.

More specifically, anosognosic patients with mild to severe
AD showed reduced perfusion, glucose metabolism and gray
matter volume in the prefrontal cortex (PFC), both dorsolateral
and in the anterior cingulate gyrus (Harwood et al., 2005; Hanyu
et al., 2008; Jedidi et al., 2014; Fujimoto et al., 2017).

Others found that anosognosia was associated with reduced
intrinsic connectivity and functional changes of brain areas
known to be involved with self-referential processes, such as
the orbitofrontal cortex (OFC), the posterior cingulate cortex
(PCC) and the medial temporal lobe. For instance, Kashiwa et al.
(2005) found that anosognosic patients had reduced perfusion in
the OFC, and a blood flow that was reduced in the right PFC,
and increased in the left temporoparietal junction. One study by
Therriault et al. (2018), found that anosognosia correlated with a
greater amount of amyloid in the PCC.

In Fujimoto et al. (2017), the medial temporal lobe, which
is usually damaged in AD dementia, was not associated
with anosognosia. On the contrary, others found greater
hypometabolism (Salmon et al., 2006) and atrophy in the medial
temporal lobe (Tondelli et al., 2018) in anosognosic patients.

Clinical Correlates of Anosognosia in AD Dementia
Executive dysfunction is highly associated with anosognosia
in patients with AD dementia (Lopez et al., 1994; Kashiwa
et al., 2005; Amanzio et al., 2013). The ability to inhibit a
response, “on-line” self-monitoring and set-shifting appeared to
be important skills for awareness in a sample of patients with
mild AD (Amanzio et al., 2013). Anosognosia was associated
with both disinhibition as a psychiatric symptom (assessed
using the Neuropsychiatric Inventory), and response inhibition
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FIGURE 1 | Plot showing the number of revised publications about awareness of deficits in AD per year and stage of the disease.

impairment as a frontal cognitive dysfunction (Kashiwa et al.,
2005).

Additionally, AD patients with the poorest memory
functioning rated their performance highest (Gallo et al.,
2007; Gilleen et al., 2014).

Moreover, there is compelling evidence that anosognosic AD
patients report better-perceived quality of life, compared to those
with normal insight (Comijs et al., 2002). It has importantly been
found that depression and not awareness is the key driver of
the quality of life: high ACD is only indirectly associated with
lower quality of life via depressed mood (Risacher et al., 2016).
Anosognosic patients generally show lower levels of depression
and anxiety, compared to non-anosognosic patients (Horning
et al., 2014).

Finally, several studies have shown that anosognosic patients,
although less depressed and with better-perceived quality of life,
have higher levels of apathy (Hurt et al., 2010; Trigg et al., 2011;
Conde-Sala et al., 2013, 2014; Millenaar et al., 2017; Stites et al.,
2017). It is known that apathy—as well as anosognosia—is related
to frontal lobe dysfunction (Cines et al., 2015), thus apathy and
anosognosia may be two consequences of frontal damage due to
AD pathology. The reciprocal relationship between anosognosia
and apathy still needs to be clarified.

Characteristics and Key Findings of
Studies on Prodromal AD or MCI
Prevalence of Anosognosia in Prodromal AD (or MCI):

Results of the Meta-Analysis
The mean number of MCI participants enrolled in the
analyzed studies was on average 76.5 [Interquartile range
(IQR)= 20.50–71.00]. Mean age was on average 74.1 (IQR =

72.78–76.10). Mean years of education were on average 11.5 (IQR

= 9.32–13.61). Mean percentage of men was on average 47.45
(IQR = 42.80–54.60). Mean MMSE was on average 26.8 (IQR
= 26.23–27.40).

Thirteen studies assessed the ACD as the discrepancy between
subject’s and informant’s ratings of decline (Vogel et al., 2005;
Onor et al., 2006; Ries et al., 2007; Orfei et al., 2010; Galeone et al.,
2011; Spalletta et al., 2012; Maki et al., 2013; Zamboni et al., 2013;
Ford et al., 2014; Jacus et al., 2015; Senturk et al., 2017; Tondelli
et al., 2018; Oba et al., 2019). Four studies as the discrepancy
between subjective and objective scores of cognitive functioning
(O’Connell et al., 2014; Coutinho et al., 2016; Vannini et al.,
2017a; Hanseeuw et al., 2020). In Stites et al. (2017), participants
who responded affirmatively to any of the diagnosis-related
questions were classified as “aware” of their diagnosis, whereas
all others were coded “unaware.”

Figure 2 and Table 1 represent the between-group
comparisons.

Forest plots are included as Supplementary Figure 1.
The degree of ACD was not significantly different between

patients with amnestic and non-amnestic MCI [SMD (95% CI)
= 0.09 (−0.21; 0.39), p = 0.574]. On average, the ACD was
significantly lower in amnestic MCI [SMD (95% CI) = −0.56
(−0.88; −0.25), p = 0.001] and in mild AD [SMD (95% CI) =
−1.39 (−1.92; −0.85), p < 0.001] than in controls. ACD was
also significantly poorer in mild AD than in amnestic MCI [SMD
(95% CI) = −0.75 (−1.02; −0.48), p < 0.001], as well as poorer
than in non-amnestic MCI [SMD (95% CI) = −1.00 (−1.25;
−0.76), p < 0.001].

The articles comparing subjects with non-amnestic vs.
amnestic MCI had low heterogeneity (I2 = 20%; Tau2 = 0.01,
p = 0.286), as well as those comparing subjects with mild AD
vs. non-amnestic MCI (I2 = 0%; Tau2 = 0.00, p = 0.887).
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On the contrary, heterogeneity of articles performing all other
comparisons was substantial and significative (all I2 > 79%; all
Tau2 = 0.36; all p ≤ 0.001).

Neural Correlates of Anosognosia in MCI
Few studies have investigated the neural correlates of ACD
in MCI, indicating an involvement of a set of frontal and
temporoparietal regions. This would be consistent with what has
been identified in the studies including participants with AD
dementia. In Ries et al. (2007), for instance, MCI participants
showed subtly attenuated cortical midline structures activity
during a fMRI self-appraisal task. They also found that poor
ACD was significantly associated with attenuated activation in

FIGURE 2 | Comparisons between clinical groups (meta-analysis). Nodes

represent clinical groups. The size of the nodes is proportional to the number

of studies including a certain clinical group. Solid lines connect the groups that

have been studied in head-to-head comparisons in the meta-analyses.

Dashed lines represent non-eligible connections (number of comparisons <3).

Line thickness is proportional to the number of studies performing each

comparison. The numbers in cells represent the number of comparisons

available between two given groups.

PFC and PCC during self-appraisal. In a study by Nobili et al.
(2010), the PCC, the inferior parietal lobe, the angular gyrus
and the precuneus seemed to be a key node of the network
being involved in ACD. Similarly, Vannini et al. (2017b) found
that the participants with amnestic MCI who showed greater
anosognosia had a reduced glucose metabolism in the PCC and
the hippocampus, and increased intrinsic connectivity disruption
between the PCC and the orbitofrontal cortex as well as between
the PCC and the inferior parietal lobe.

Tondelli et al. (2018) studied the neuroanatomical correlates
of the three most commonly used methods to assess anosognosia
(i.e., clinician rating, participant-informant discrepancy and
subjective-objective discrepancy) in a sample of amnestic MCI
patients and healthy controls. They found that all three scores
positively correlated with atrophy in the medial temporal lobe,
including the right hippocampus.

Clinical Correlates of Anosognosia in MCI
In the study of Senturk et al. (2017), ACD positively correlated
with MMSE and episodic memory, working memory, and
executive functions scores. In Tremont and Alosco (2011),
the anosognosic patients were comparable to non-anosognosic
ones in all demographic characteristics, cognitive and behavioral
domains, except that anosognosic patients obtained significantly
lower scores in the learning domain.

In the study of Vogel et al. (2005), anosognosia positively
correlated with cognitive impairment (MMSE score) and right
inferior frontal gyrus blood flow, but not to tests of executive
functions, both in MCI and AD dementia patients.

Furthermore, some authors have suggested that anosognosia
in MCI is more related to non-cognitive (i.e., psychiatric) factors.
In Oba et al. (2019), those who had no depressive symptoms
were able to more accurately evaluate their memory impairment,
suggesting that anosognosia should not be considered as a
specific symptom of AD but as the result of an interaction
between memory impairment and depression. Jacus et al. (2015)
found a negative correlation between the degree of ACD
and apathy.

Anosognosia in MCI and Risk of Progression to

Dementia
The presence of anosognosia in a patient with MCI seems
to increase the risk that he or she is affected by AD. A

TABLE 1 | Results of the meta-analyses comparing mean ACD between groups.

Group comparison Number of studies SMD [95% CI] I2 Tau2 P

Comparison Heterogeneity

Non-amnestic (n = 113) vs. amnestic MCI (n = 109) 3 0.09 [−0.21; 0.39] 20.12 0.01 0.575 0.286

Amnestic MCI (n = 869) vs. controls (n = 815) 10 −0.56 [−0.88; −0.25] 80.91 0.19 0.001* <0.001*

Mild AD (n = 781) vs. amnestic MCI (n = 1,050) 14 −0.75 [−1.02; −0.48] 79.41 0.19 <0.001* <0.001*

Mild AD (n = 226) vs. non-amnestic MCI (n = 113) 3 −1.00 [−1.25; −0.76] 0.00 0.00 <0.001* 0.887

Mild AD (n = 320) vs. controls (n = 468) 6 −1.39 [−1.92; −0.85] 84.10 0.36 <0.001* <0.001*

SMD, Standardized mean difference; CI, Confidence interval. n: Pooled group size. The I2 statistic describes the percentage of variation across studies that is due to heterogeneity

rather than chance. Tau2 indicates the extent of variation among the effects observed in different studies (between-study variance). *Statistically significant at the 0.01 level.
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recent 2-year longitudinal study (Therriault et al., 2018) found
that anosognosic MCI participants showed greater amyloid
burden and reduced brain metabolism in the posterior cingulate
cortex at baseline than those without anosognosia, and had
3 times the risk of progression to dementia after 2 years.
Furthermore, anosognosia at baseline predicted a reduced
metabolism in the default mode network at the follow-up.
Another 2-year long longitudinal study (Edmonds et al., 2018)
also showed progressive anosognosia through the stages of MCI
and dementia, driven by an increase in informant-reported
ratings, despite stable self-reported complaints. In this study,
anosognosic MCI participants had higher rates of cerebrospinal
fluid AD biomarker positivity and progression to dementia.

Similar results have been reported in Munro et al. (2018) and
Scherling et al. (2016).

In contrast with these studies, few others have found that the
predictive value of reduced ACD was low. Cova et al. (2017), for
example, found no relationship between ACD and progression
to AD dementia after 28 months, but the authors commented
on their result in light of a possible inadequacy of the method
to measure anosognosia (a single question from the Geriatric
Depression Scale being too simple a way to measure a complex
symptom such as anosognosia).

It must be noted that in these studies MCI was seen as a
possible transition phase between normal cognition and AD
dementia, most of them did not include biomarker evidence to
support AD pathology, thus questioning the appropriateness of
the conclusions drawn regarding MCI due to AD (or prodromal
AD). Indeed, MCI is a heterogeneous clinical entity, possibly
resulting from different etiologies (e.g., neurodegenerative
diseases, vascular lesions, psychiatric disorders, non-neurological
diseases, among others) and with different clinical pictures and
courses (declining, stable, or reversible).

Characteristics and Key Findings of
Studies on Preclinical AD
Up until August 2020, 8 studies investigated ACD in
asymptomatic individuals at risk for AD, and discussed the
results within the scope of preclinical AD.

The first study that proposed the reduction of ACD as a
more specific indicator of early-stage Alzheimer’s than SCD is
Cacciamani et al. (2017), investigating a cohort of memory-
complainers at risk of preclinical AD due to their age and positive
amyloid PET scan in 30% of subjects. Nineteen participants were
found to have poor ACD, meaning that despite complaining
about their memory, they reported less difficulty than their
study-partner. This group was compared to 86 participants
with heightened ACD, i.e., reporting more cognitive difficulties
than their study-partner. The low ACD group had greater
amyloid deposition than those with heightened ACD. Forty-
seven percentage of subjects with low ACD were amyloid
positive, vs. 24% of those with heightened ACD. The participants
with low ACD also had a lower cortical glucose metabolism in
frontal and temporoparietal regions known to be involved in
both AD and anosognosia. On the contrary, the measures of SCD
alone, i.e., without comparison with the informant report, did not

correlate with any AD biomarker. Similarly, Sanchez-Benavides
et al. (2018) compared the level of anxiety and depression,
cognitive performance and brain atrophy of three groups of
individuals from the ALFA cohort (Molinuevo et al., 2016):
informant complaint only (therefore unaware subjects), subjects
with SCD (with or without informant complaints) and controls
(neither the subject nor the informant reported a decline).
SCD subjects reported greater anxiety and depression than both
unaware subjects and controls. Unaware subjects showed a
poorer memory performance than controls (but no differences
compared to SCD) which correlated with lower left posterior
hippocampal volume. Unaware subjects presented brain volume
increments in self-appraisal areas (medial frontal and insula).
For this latter finding, they hypothesized non-linear volumetric
changes, in which the volume of gray matter would increase and
then decrease.

In two cross-sectional studies, ACD was non-linearly
associated with amyloid load. In Vannini et al. (2017a),
whereas cognitively-intact subjects harboring amyloid pathology
at PET presented with hypernosognosia (self-report> informant-
report), MCI patients with increased amyloid pathology showed
anosognosia. In contrast, MCI patients with low amounts of
amyloid were observed to have normal insight. Altered ACD
tracked with amyloid pathology. A similar non-linear association
was observed in Gagliardi et al. (2020) in 448 cognitively-
normal individuals with SCD from the INSIGHT-PreAD and
ADNI cohorts. ACD increased with increasing amyloid load
up to a certain point, above which the increase in amyloid
load was associated with a decline in ACD. Interestingly, the
inflection point was around the amyloid positivity threshold,
suggesting that complaints progress into decreasing ACD when
the participants become amyloid-positive. In this study, the
authors introduced and validated the Meta-Memory Ratio
(MMR), a cohort independent measure of ACD based on
the discrepancy between subjective and objective measures of
cognitive decline.

Verfaillie et al. (2019) found different results by studying
106 SCD memory-clinic patients with amyloid PET scans from
the Subjective Cognitive ImpairmENt Cohort (SCIENCe) study
(Slot et al., 2018). They used two measures of ACD: (1) self-
reported Cognitive Change Index (CCI) minus episodic memory;
(2) a self-proxy index (self- minus informant-reported CCI). In
this study as well as in the previous ones, amyloid burden was
more associated with ACD than with self-report alone. However,
amyloid burden was associated with heightened and not reduced
ACD, and only when ACD was measured as a subjective-
objective memory scores discrepancy. Significant interaction
with education was found, implying a stronger effect in those
with lower levels of education. These findings underline the
fact that demographic features might be of importance when
studying ACD.

To our knowledge, the first longitudinal study investigating
ACD in cognitively-normal and MCI subjects at baseline
was Wilson et al. (2015). A composite measure of memory
performance was regressed on memory rating (i.e., two questions
about their memory). In the subset of participants who
progressed to dementia (n = 239), ACD was stable up to 2.6
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years before dementia. During the prodromal phase, the ACD
began to decline rapidly. This implies that the subjects had
normal insight for the duration of the preclinical phase. However,
in two more recent studies using more advanced statistical
methods, ACD began to decline already in the preclinical phase,
leading to anosognosia in the prodromal phase. Hanseeuw
et al. (2020) studied the ADNI cohort and specifically amyloid-
positive and amyloid-negative subjects with normal cognition,
MCI and dementia. They computed the subject-informant
discrepancy on the Everyday Cognition scale (ECog—memory
subscale). ACD persistently declines across disease progression
(controls > MCI > AD). The decline in ACD was driven by
increasing study-partners’ ratings over time and stable patients’
ratings. It decreased faster in amyloid-positive participants. The
interaction between amyloid load and clinical group had a
significant effect on ACD changes in dementia and MCI groups,
and had a small but significant effect also in CN subjects,
suggesting that ACD starts to decrease in the preclinical AD
stage. Cognitively-normal subjects reported significantly more
cognitive complaints than their study-partners up to 1.6 years
before progression to MCI indicating a state of heightened ACD
(or hypernosognosia). Anosognosia was observed in individuals
with MCI 3.2 years before progression to dementia. Low
ACD predicted a greater risk of subsequent progression to
dementia in participants with MCI as well as CN individuals
with equal amyloid load and memory performance. Both the
participants with low amyloid load and their study-partners
reported more difficulties over time, resulting in stable ACD.
A second longitudinal study (Vannini et al., 2020) selected 396
presenilin (PSEN1 E280A) variant carriers from the Colombia
Alzheimer’s Prevention Initiative Registry (Tariot et al., 2018),
59 of which were cognitively-impaired. ACD was measured as
the subject-informant discrepancy on a memory complaint scale
(Gatchel et al., 2020). The subjects presented with heightened
ACD until on average 35 years of age and had anosognosia at
∼43 years of age (∼6 years before their estimated median age of
dementia onset).

In summary, studies on ACD in preclinical AD are still few
and heterogeneous. The main problem is the diversity in subjects
inclusion criteria. However, these findings encourage a more in-
depth study of how aware individuals who are developing AD are
about their cognitive performance. This is particularly interesting
considering that preclinical patientsmay show some decline from
their previous cognitive efficiency, even though they do not by
definition have frank cognitive impairment. The prevailing idea
of the aforementioned articles is that the measure of ACD (hence
the discrepancy between self-report and informant-report, or
between self-report and objective scores) could be a more specific
indicator of future cognitive decline than self-reported complaint
alone as it is often studied in literature. However, it is not yet
entirely certain whether hypernosognosia or reduced nosognosia
is more characteristic of preclinical AD.

DISCUSSION

In this review, we summarized previously published studies about
awareness of cognitive decline in AD over its full spectrum.

In Figure 3A, we graphed the longitudinal changes in the
ACD based on the existing results.

Studies targeting preclinical AD identified an increased
risk of AD (mainly abnormal biomarkers) both in subjects
overestimating and underestimating their cognitive performance
(when compared to their informant or to cognitive tests). Recent
longitudinal studies (such as Vannini et al., 2017a; Hanseeuw
et al., 2020) suggested that these two different states of altered
ACD come in succession during preclinical AD in the same
individual. This means that patients with very early-stage AD
would begin to notice their first subtle cognitive changes when
people around them do not yet, and neuropsychological tests do
not yet detect objective cognitive deficits. They would therefore
experience a hypernosognosia (in the terminology proposed by
Vannini et al., 2017a) and might seek medical advice. Later, but
still very early across the course of the disease, the patient’s
family or friends also begin to notice these changes as his or
her cognitive efficiency gradually declines. The patient would
soon begin to underestimate his or her impairment. The ACD
is beginning to decline.

We would like to discuss a recent study on ACD in subjects
at risk of preclinical AD, published after our bibliographic search
(in October 2020) therefore not included in our review andmeta-
analysis. This study (Cacciamani et al., 2020) describes different
trends of evolution of ACD over 3 years in the INSIGHT-
PreAD cohort (memory-complainers, Dubois et al., 2018) and
their association to amyloid burden and brain metabolism.
76.8% of the sample (235 out of 306 subjects) had an accurate
ACD (i.e., self-report = informant-report), which remained
unchanged over time. This class was chosen as the reference
as it indicated normal insight. 18.95% (58 subjects) showed a
steadily heightened ACD (i.e., self-report > informant-report).
Interestingly, they were comparable to those with accurate ACD
in terms of demographic characteristics and AD biomarkers,
meaning that persistent cognitive complaints do not increase the
risk of AD. On the contrary, 4.25% of the sample (13 subjects)
constantly showed low ACD (i.e., self-report < informant-
report) and had significantly higher amyloid burden than the
reference class.

The transition from heightened ACD or hypernosognosia
(patient report > informant report or test scores) to accurate
ACD (patient report = informant report or test scores) and
finally anosognosia (patient report < informant report or test
scores) is gradual as does the accumulation of brain damage
and disease progression. There are few studies to date that have
attempted to establish at what moment of the course of the
disease the patient no longer complains more than the informant
and at what moment this begins to represent a real anosognosia.
According to Hanseeuw et al. (2020), patients are no longer
hypernosognosic about a year and a half before the diagnosis
of MCI and that the onset of frank anosognosia begins during
the prodromal phase (just over 3 years before the diagnosis
of dementia). In our meta-analysis, MCI subjects had poorer
ACD than healthy controls, but higher ACD than subjects with
mild dementia. This suggests that in the prodromal phase of the
disease, anosognosia is already present, although in amilder form
than in the dementia stage. These results are very important when
considering that subjective cognitive decline is a criterion for the
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FIGURE 3 | Profiles of subjective reports of decline in individuals with and without AD pathology. (A) ACD in the AD continuum. (B) ACD in the “worried-well”

population. Longitudinal trajectories of ACD in AD and “worried-well” individuals, conceptualized as the discrepancy between patient- and informant-reported

cognitive decline. The green line displays how the individual’s rating changes over time. The blue line represents the evolution of the informant’s rating. The lighter

areas represent potential individual deviations from the typical trajectories. In (A), the duration of the disease stages has been established with reference to Vermunt

et al. (2019).

diagnosis of MCI. This may actually contribute to misdiagnosis
(Edmonds et al., 2014, 2018). On the one hand, this can lead
to false-positives (individuals followed up for a suspected AD
while their SCD is due to another cause). On the other hand,
many individuals who underestimate their decline and are at
greater risk of having a neurodegenerative disease may not have
an adequate medical follow-up.

Finally, ACD would gradually lead to marked anosognosia in
the advanced stage of dementia. Indeed, the widespread brain
damage occurring in the advanced stages of AD compromises the

information transfer and the anterograde memory, among other
functions. Generally, this results in the patients having a very
altered perception of their current experience, reduced awareness
of what is happening in their surroundings, and to their state
of health (O’Shaughnessy et al., 2021). At the late stage of the
disease, the degradation is so massive that it affects not only the
awareness of being ill but also the self-knowledge and sense of
identity (Addis and Tippett, 2004).

Consistent with the reviewed neuroimaging studies, the
patients who have anosognosia are those who show more
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marked damage in prefrontal and temporoparietal regions, and
they generally present an amnestic and dysexecutive clinical
phenotype, which is the most common clinical presentation
of AD. From the analysis of the literature, it appears
that anosognosia is due to the dysfunction of a specific
network, mainly in the right hemisphere, which includes: (i)
prefrontal areas (dorsolateral, anterior cingulate, orbitofrontal),
the lesion of which would compromise the online monitoring
of performance, error detection and update of self-knowledge;
(ii) dorsal and medial temporoparietal regions (e.g., posterior
cingulate, angular gyrus, precuneus), which are the substrate
of our capacity of judging our own performance assuming
a third-person perspective; (iii) medial temporal regions, the
dysfunction of which can lead to memory deficits, preventing
proper comparison between current and past performance, and
in particular causing the patient to judge current performance
and abilities by anchoring to pre-morbid abilities.

To sum up, there would be a phase of heightened ACD or
hypernosognosia at the very beginning of the disease in which
the subject expresses cognitive complaints. Then the ACD would
begin to progressively decrease leading to anosognosia during
the prodromal phase and—especially—during the dementia
phase. However, we do not preclude the existence of individual
deviations from this model. A large variability may be ascribed
to inter-individual differences in clinical phenotype of AD,
premorbid personality traits, levels of anxiety, depression and
nosophobia, comorbidity, cognitive reserve, and the localization
of cerebral damage due to AD, among other factors (Alladi
et al., 2006). Individual variability may range from severely
decreased ACD since early pathological changes, to preserved
ACD throughout the disease, as indicated by the lighter areas on
each side of the colored lines of Figure 3.

We also propose a second scenario (Figure 3B), which
represents the worried-well population, with persistent SCD
without evidence of cognitive impairment, and without these
subjective difficulties being confirmed by an informant. These
individuals do not have an underlying AD pathology. We believe,
consistently with Jessen et al. (2020), that confirmation of decline
by an informant is one of the most important factors to consider
when a patient with cognitive complaints seeks medical advice.
This could allow distinguishing those who report cognitive
changes due to an underlying neurodegenerative disease from
worried-well individuals.

In practice, the clinician should always listen carefully to
the patient’s complaint. It might start by asking a general
question about the reason of the visit. Subsequently, depending
on the answer to the first question, the clinician may ask more
specific questions, for example “do you happen to have memory
difficulties?”, “Are you having trouble finding words?”, etc. This
procedure helps to distinguish what the patient perceives as the
main problem. It could happen that the patient reports some
memory failures, but he or she could attribute them to age, and
say that he or she is seeking medical advice because the family
insisted. Since cognitive complaints are rather non-specific and
present at every age (Dubois and Agid, 2002), the clinician should
compare patient’s complaints with a more objective source of
information. An individual who is seeking medical advice for

cognitive problems spontaneously or at the suggestion of his
or her family, should perform a neuropsychological assessment
to clarify if the perception of decline is confirmed by objective
tests. The informant’s assessment is also a very important time-
and cost-saving source of information that the clinician should
always consider. Although informant’s assessment may be subject
to bias, a tendency to underestimate cognitive decline is more
likely to be the result of an ongoing neurodegenerative process
(this is most commonly Alzheimer’s disease, but not limited to).
In research settings, ACD should be systematically measured
by including a study-partner or by comparing subjective and
objective decline. Another simple and quick method to evaluate
the patient’s degree of awareness is to ask him or her to
evaluate his or her performance on a neuropsychological test just
performed. This can be done simply by asking the patient “How
do you think you performed this test?” moments after completing
it. Or, for a more accurate and reliable measurement, one of the
procedures proposed in the literature and described above can
be adopted.

The framework and staging schemas described above have
been drafted after considering the diversity of previous research
findings, and developed to address the need for an integration of
the existing evidence.

Further—and particularly longitudinal—studies are needed,
to confirm the consecutive presence of hypernosognosia and
poor ACD in the pre-dementia stages. Further studies should
consider awareness of illness as a biopsychosocial construct,
as many neuropathological, psychoaffective, relational and
cognitive factors are known to affect the expression of this
symptom. Therefore, the authors should take this into account
when designing studies on anosognosia.

Limitations
The main limitation of this article is that we have carried out
a meta-analysis of only a part of the articles (those conducted
on subjects with MCI), as it could add evidence to current
knowledge. Unfortunately, it was not possible to conduct a meta-
analysis of the articles on preclinical AD.

Second, the articles included were heterogeneous. For
example, the index of ACD was computed in many different
ways, demonstrating that there is not yet a gold standard for the
evaluation of ACD.

Third, the pre-dementia stages of AD were defined very
differently in the studies, and only a minority of them involved
the use of biomarkers to confirm the presence of AD pathology.
Similarly, preclinical AD studies have focused on the presence
of amyloid to define the condition of an individual at risk.
No studies have based the definition of this condition on the
simultaneous presence of amyloid and tau. According to certain
criteria (for example in Dubois et al., 2016a), a cognitively-
intact individual would be at risk of preclinical AD if he/she
has a positive pathophysiological marker between amyloid
and tau. However, the evidence suggests that the presence
of both positive biomarkers increases the specificity of the
diagnosis compared to only one of the two (Parnetti et al.,
2019). The risk is that the subjects included in the studies
discussed above may have cerebral amyloidosis not due to
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AD, thus making the results found less specific for describing
the ACD in AD. The same can also be extended to the
studies on MCI.

Forth, although AD has a typical amnestic late-onset clinical
manifestation, it is known that atypical forms exist, which are
non-amnesic and often of early onset (Gorno-Tempini et al.,
2004, 2008). This is the case, for example, of the dysexecutive
variant, of the linguistic variant (logopenic primary progressive
aphasia) and of posterior variants, for example the visuospatial
one. It is also known that the degree of ACD differs in the
different variants (Charles and Hillis, 2005). In our review and
meta-analysis, we focus on the typical amnesic variant, but we do
not exclude the possibility that individuals with different variants
may have been included in the study samples.

Fifth, given the paucity of meta-analyzed articles, we decided
not to use a certain p-value or effect size measure as an additional
selection criterion. This may have led to the inclusion of studies
reporting small effects.

Finally, we did not include unpublished or gray literature
(e.g., dissertations, conference papers) in the review. Indeed,
statistically non-significant results are less likely to be published
(the so-called “file-drawer problem”), and this could represent a
bias and an increased likelihood of Type I errors.

Conclusion and Implication
The study of ACD since the onset of AD pathology, its
evolution and neural correlates is, notably, a piece of the larger
understanding of the pre-dementia phase of AD. Therefore, it is
a relevant research question in many respects.

First, the presence of poor ACD at the beginning of the
disease may delay the search for medical help. Consequently, this
limits the possibility of implementing treatment plans, of being
included in clinical trials, and potentially delays the access to a
disease-modifying treatment when one becomes available.

Furthermore, the lack of ACD is associated with poor
decision-making skills (Oba et al., 2019): we might expect the
patient with poor ACD to have troubles in making decisions
related to his or her health, and in anticipating and preventing
potential future work/administrative issues. The patient with
reduced ACD may also assume to be able to achieve unrealistic
therapeutic goals (for example, a regression of cognitive
impairment or the regaining of lost daily-life abilities). The failure
of such purposes may generate a sense of frustration, anger, low
self-esteem and lack of motivation to continue the treatment.

In addition to this, caregivers’ sense of responsibility and
commitment may also be higher in the presence of reduced
ACD or anosognosia, consequently having more chances to feel
depressed and alienated (Starkstein et al., 2010; Spalletta et al.,
2012; Jacus et al., 2015; Mak et al., 2015; Jacus, 2017).

Thus, if this symptom is recognized early-on during AD,
it might benefit from therapeutic trials specifically targeting
poor ACD.

Finally, concerning research, a greater understanding of this
symptom could also allow to better describe preclinical and
prodromal AD, and could guide researchers to include subjects
with poor ACD together with a study-partner in clinical trials and
cohort studies.
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Although the presence of anosognosia in amnestic mild cognitive impairment (aMCI)
may be predictive of conversion to Alzheimer’s disease (AD), little is known about
its neural correlates in AD and aMCI. Four different groups were compared using
volumetric and diffusion magnetic resonance imaging metrics in regions of interest
(hippocampus and cingulum cortex gray matter, cingulum bundle white matter): aMCI
subjects with anosognosia (n = 6), aMCI subjects without anosognosia (n = 12), AD
subjects with anosognosia (n = 6), and AD subjects without anosognosia (n = 9).
aMCI subjects with anosognosia displayed a significantly lower gray matter density
(GMD) in the bilateral hippocampus than aMCI subjects without anosognosia, which
was accounted for by bilateral hippocampal differences. Furthermore, we identified
that the mean hippocampal gray matter density of aMCI subjects with anosognosia
was not statistically different than that of AD subjects. The groups of aMCI and AD
subjects with anosognosia also displayed a lower GMD in the bilateral cingulum cortex
compared to subjects without anosognosia, but these differences were not statistically
significant. No statistically significant differences were found in the fractional anisotropy
or mean diffusivity of the hippocampus or cingulum between subjects with and without
anosognosia in aMCI or AD groups. While these findings are derived from a small
population of subjects and are in need of replication, they suggest that anosognosia
in aMCI might be a useful clinical marker to suspect brain changes associated with
AD neuropathology.

Keywords: mild cognitive impairment, Alzheimer’s disease, anosognosia, hippocampus, magnetic resonance
imaging
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INTRODUCTION

Anosognosia is defined as the loss or decline in a subject’s
awareness of problems in daily functioning, behavior, cognition,
or mood (Starkstein, 2014). This condition is frequent
throughout the trajectory of Alzheimer’s disease (AD), with
a prevalence ranging between 20 and 80%, and its presence is
linked to increased dependence, reduced adherence to treatment
and risk behaviors in patients, increased caregiver distress,
and a greater economic burden for families and societies
(Turró-Garriga et al., 2013; Starkstein, 2014).

Anosognosia can appear in amnestic mild cognitive
impairment (aMCI), a diagnosis that implies a heightened
risk for developing AD dementia, in which memory performance
is diminished but autonomy in daily life is preserved (Mak et al.,
2015). Interestingly, the presence of anosognosia in aMCI has
been associated with underlying brain changes characteristic
of AD, and may have a predictive value for further worsening
of cognition and progression to AD dementia (Scherling et al.,
2016; Gerretsen et al., 2017; Therriault et al., 2018; Hanseeuw
et al., 2020). As only a fraction of aMCI-affected subjects will
progress to dementia, the clinical characterization of subjects at
a higher risk of developing AD is a major concern in current
research. This, in turn, can support timely interventions before
significant neural and functional impairment has taken place. The
understanding of the neural changes associated with anosognosia
is therefore necessary for the adequate characterization of aMCI
and the early stages of AD (Mondragón et al., 2021).

According to a recent systematic review, anosognosia in AD
is associated with a reduction in gray matter density, cerebral
blood flow, and metabolism in several regions: the anterior and
posterior cingulate cortex, the medial temporal lobe, the inferior,
superior and medial frontal gyri, the orbitofrontal cortex, and the
insula (Hallam et al., 2020). Most of these regions form part of the
default mode network, a large-scale brain network that is altered
from the early stages of the AD continuum (Grieder et al., 2018)
and is associated with self-related cognition (e.g., introspection
and autobiographic memory) (Zamboni et al., 2013). Said
systematic review identified that measurement heterogeneity is
one of the main limitations in integrating previous clinical studies
on anosognosia in aMCI and AD dementia.

In clinical research, three methods have been mainly used to
measure anosognosia in AD (Hallam et al., 2020). (1) Clinical
rating, in which the clinician’s judgment is used to rate the
level of anosognosia on a scale after an interview with the
patient and the caregiver. (2) Patient-informant discrepancy, in
which after parallel interviewing of the patient and caregiver, a
“discrepancy score” of the patient’s symptoms is calculated, and
finally. (3) Performance discrepancy, in which the performance
of a patient on a neuropsychological test is compared to their
own estimation of how well they think they performed on said
test. Taking this into consideration, a multi-method magnetic
resonance imaging (MRI) morphometric study showed that all
three anosognosia measurement methods were independently
associated with gray matter atrophy in the medial temporal lobe
including the right hippocampus in AD participants (Tondelli
et al., 2018). The consistent involvement of the medial temporal

lobe and the hippocampus supports the view that anosognosia is
principally caused by a decline in memory processes (such as the
autobiographical episodic memory loss typically characterizing
AD) that prevents the update of self-knowledge (Morris and
Mograbi, 2013; Chavoix and Insausti, 2017). However, the neural
substrate of anosognosia in AD is far from being fully elucidated,
and there is a need for replication of previous findings along
with the development of objective anosognosia measurements
(Hallam et al., 2020).

A sound approach for the assessment of anosognosia has been
developed under the more general construct of the behavioral
dysexecutive syndrome (Godefroy et al., 2010). This syndrome
groups twelve symptoms related to disturbances in the executive
function brain network (e.g., anosognosia, apathy, irritability,
and confabulations) that are frequently observed in several
neurocognitive disorders. In mild AD dementia, 86% of patients
have been found to exhibit a behavioral dysexecutive syndrome,
with a large effect size when comparing the severity and of
anosognosia between AD participants and healthy controls
(Godefroy et al., 2014). Along with the definition of the
syndrome, a straightforward structured questionnaire has been
proposed, the Behavioral Dysexecutive Syndrome Inventory
(BDSI), which is applied to an informant who knows the patient
well, and aims to measure the frequency and severity of each
symptom – including anosognosia (Godefroy et al., 2010).

In light of this evidence, we aimed to provide further evidence
on the neural underpinnings of anosognosia in aMCI and AD
using the BDSI in a clinical sample. To our knowledge, no
previous studies have used this anosognosia measurement to
study structural brain changes. We hypothesized that subjects
with aMCI or AD dementia with anosognosia would exhibit
volumetric and white-matter integrity changes in the bilateral
hippocampus and cingulate cortex, relative to aMCI or AD
subjects without anosognosia.

MATERIALS AND METHODS

Sample and Participants
Eighteen participants with aMCI and sixteen participants with
AD were recruited from the outpatient consultation of the
Dementia Laboratory of the National Institute of Neurology
and Neurosurgery of Mexico in Mexico City. aMCI and AD
dementia were diagnosed by certified specialists following current
clinical criteria (Petersen, 2004; McKhann et al., 2011). Inclusion
criteria further consisted of: being between 60 and 76 years
of age, a Mini-Mental Score Examination (MMSE) score of 25
or higher in the aMCI group and 16 or higher in the AD
dementia group, and having a knowledgeable informant living
with the subject who could answer to the clinical questionnaires.
Exclusion criteria consisted of a clinical history suggestive of
non-AD dementia, current symptoms suggestive of delirium,
major depression, substance-use disorders, or other major
neuropsychiatric disorders (apart from aMCI or AD dementia),
not being able to complete clinical or neuroimaging assessments,
and MRI contraindications.
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Clinical Measurements
General cognitive functioning was assessed using an adapted
version of the MMSE widely used in Mexico (Ostrosky-Solís
et al., 2000). For the assessment of anosognosia, a cross-culturally
adapted Mexican version (Flores-Vazquez and Sosa-Ortiz, 2016)
of the BDSI (Godefroy et al., 2010) was used. Subjects were
divided into “anosognosia” or “no-anosognosia” groups if the
answer given to the screening questions presented in Table 1 was
“yes” or “no.” Additional analysis taking into consideration the
severity and frequency of anosognosia can be consulted in the
Supplementary Material.

Magnetic Resonance Imaging
Acquisition and Processing
Magnetic resonance imagings were acquired using a 3
Tesla SIEMENS Skyra scanner (Erlangen, Germany) with
a 20ch head coil.

T1-weighted images were obtained using a 3D MPRAGE
sequence (TR/TE: 2,300/2.45 ms; FOV: 256 mm2; matrix:
256 × 256; voxel size: 1 mm3). Preprocessing included denoising
and intensity inhomogeneity correction (Manjón et al., 2010;
Avants et al., 2011). T1-weighted images were processed using
the VBM-FSL toolbox (Douaud et al., 2007; Jenkinson et al.,
2012). T1 image processing included brain extraction, tissue-
type segmentation, the creation of a study-specific gray matter
template, registration of all gray matter images into the template,

TABLE 1 | Anosognosia assessment in the behavioral dysexecutive syndrome
inventory (Godefroy et al., 2010).

Screening questions: Does the subject minimize or fail to recognize the
limitations or difficulties that they have and the consequences of those
limitations in daily life? Does the subject make unrealistic plans? Does the
subject think that they can do the same things they used to do even when this
is no longer realistic?

Specific questions (used for clarification):
• Does the subject tend to minimize their own cognitive decline, for instance,

their memory problems?
• Does the subject tend to minimize their behavioral problems?
• Does the subject tend to minimize their impairments when moving, seeing,

or hearing?
• Is the subject indifferent to their impairments although these impairments

impact their daily life?
• Does the subject blame their impairments on other people or the situation?
• Does the subject deny their impairments although other people can notice

them?
• Does the subject act as if they had no illness and need no help from

others?
• Does the subject make unrealistic plans and wrongly thinks they could

retake previous activities?

Frequency scoring: 1 = Rarely: less than once a week.
2 = Sometimes = approximately once a week. 3 = Frequently: several times a
week, but not every day. 4 = Very frequently = every day/most of the time.

Severity scoring: 1 = Mild: noticeable, few consequences in everyday life.
2 = Moderate: significant and disturbing, but manageable. 3 = Severe: very
marked and disturbing, very difficult to manage
a If the answer to any of the screening questions is “yes,” the anosognosia
domain should be examined at depth using the specific questions, and the
frequency and severity of the anosognosia domain should be scored

Jacobian modulation, and smoothing. Of note, including the
Jacobian modulation step in the processing pipeline handles
the variability in the head size of the subjects at a local level,
eliminating the need for controlling or correcting for by ICV
(Douaud et al., 2007). The gray-matter regions of interest (ROIs)
of the bilateral hippocampus and cingulate cortex were defined
using the Harvard-Oxford Cortical and Subcortical atlases
(Desikan et al., 2006), respectively (Figure 1). First, each ROI
was eroded to reduce its size according to the anatomical region
into the MNI standard space; then, all ROIs were binarized. These
ROIs were used to extract the mean gray matter density (GMD).

Diffusion-weighted images (DWI) were obtained using an
echo-planar spin-echo sequence with 64 directions (TR/TE:
5,000/102 ms; FOV: 220 mm2; matrix: 100 × 100; voxel size:
2.2 mm3). DWI image preprocessing included a first denoising
step using a blockwise non-local means filter (Coupé et al., 2008),
after which, eddy current and subject movement correction,
binary mask creation, and diffusion tensor fitting to obtain the
scalar anisotropy and diffusivity maps were completed using
the TBSS-FSL toolbox (Smith et al., 2006; Jenkinson et al.,
2012). Fractional anisotropy (FA) and mean diffusivity (MD)
maps were non-linearly registered to the MNI standard space
following the TBSS steps (Smith et al., 2006; Jenkinson et al.,
2012). The white-matter ROIs of the bilateral cingulum bundle
(Figure 1) were defined using the JHU-DTI-81 White-Matter
Labels atlas (Wakana et al., 2007). First, each ROI was eroded
to reduce its size according to the anatomical region into the
MNI standard space; then, all ROIs were binarized. These ROIs
were used to extract the mean FA or MD of the specific
white matter tracts.

Statistical Analysis
Results are presented in means (M), medians (Mdn), interquartile
ranges (IQR), and value ranges (Rng). For the description and
comparison of demographic and clinical characteristics, Mann-
Whitney U tests were used for analyzing continuous variables
(years age, intracranial volume – ICV, and MMSE score), and
Chi-square tests for dichotomous variables (sex).

For the group comparisons (aMCI-anosognosia vs. aMCI-
no-anosognosia; AD-anosognosia vs. AD-no-anosognosia) of the
averaged GMD or white matter FA in each ROI, Mann-Whitney
U tests were used. An alpha of 0.05 was defined for statistically
significant findings. In the case of statistically significant findings,
we conducted a False Discovery Rate analysis, and present
the Benjamini-Hochberg adjusted p value. The rank-biserial
correlation (rrb) is reported as a non-parametric effect size for
the Mann-Whitney U test (Kerby, 2014). Statistical analyses were
carried out in the JASP software version 0.14.1 (JASP Team, 2020)
and IBM SPSS Statistics version 27 (IBM Corp, 2020).

Additional analysis assessing the correlation of the severity
and frequency of anosognosia with the MRI metrics can be
consulted in the Supplementary Material.

Ethical Considerations
This study was approved by the research and ethics committees of
the National Institute of Neurology and Neurosurgery of Mexico
after independent, blinded review (protocol number: 116/16)
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FIGURE 1 | Gray and white matter regions of interest (ROIs). (A) Hippocampal gray matter ROI. (B) Cingulum gray matter ROI. (C) Hippocampal white matter ROI.
(D) Cingulum white matter ROI. The morphological or diffusion values were averaged in each ROI for between-group comparisons.

and carried out according to the Declaration of Helsinki. All
participating subjects, as well as first-grade family members in
the case of subjects with AD dementia, were informed about the
study in detail and consented to it.

RESULTS

Demographic and Clinical
Characteristics
In the aMCI group (n = 18), subjects displaying anosognosia
(n = 6 and 2 female) had a Mdn of 72.0 years of age (IQR = 3.0)
and a Mdn of 12.0 years of education (IQR = 5.3), obtained a Mdn
MMSE score of 26.5 (IQR = 1.8), and had a Mdn ICV of 1358.4
(IQR = 147.0) cm3. aMCI subjects not displaying anosognosia
(n = 12 and 9 female) had a Mdn of 69.5 years of age (IQR = 7.0)
and a Mdn of 12.0 years of education (IQR = 7.0), obtained a
Mdn score of 28.0 in the MMSE (IQR = 1.3), and had a Mdn ICV
of 1292.0 cm3 (IQR = 64.5). Between-group differences were not
statistically significant in any of these variables, median, ranges,
test statistics, and p values are presented in Table 2.

In the AD group (n = 16), subjects displaying anosognosia
(n = 7 and 5 female) had a Mdn of 72.0 years of age (IQR = 6.0),
and a Mdn of 9.0 years of education (IQR = 3.5), obtained a
Mdn score of 21.0 in the MMSE (IQR = 4.0), and had a Mdn
ICV of 1358.1 cm3 (IQR = 137.6). AD subjects not displaying
anosognosia (n = 9 and 5 female) had a Mdn of 64.5 years of

age (IQR = 6.0) and a Mdn of 12 years of education (IQR = 7.0),
obtained a Mdn score of 22.0 in the MMSE (IQR = 4.0), and
had a Mdn ICV of 1293.4 cm3 (IQR = 117.3). Between-group
differences were not statistically significant, and mean, ranges,
test statistics with p values are presented in Table 2.

Gray Matter Volumetric Comparisons
In the aMCI group, subjects with anosognosia had a lower
GMD in the bilateral hippocampus ROI (M = 0.55, Mdn = 0.54,
IQR = 0.06, and Rng = 0.48–0.60) than subjects without
anosognosia (M = 0.64, Mdn = 0.65, IQR = 0.08, and Rng = 0.51–
0.73). This difference was statistically significant, showing a large
effect size (W = 63.0, p = 0.01, adjusted p = 0.04, and rrb = 0.75,
see Figure 2), and was accounted for by bilateral hippocampal
differences (right hippocampus: anosognosia group M = 0.55,
Mdn = 0.54, IQR = 0.07, and Rng = 0.45–0.62; non-anosognosia
group M = 0.67, Mdn = 0.67 IQR = 0.12, Rng = 0.55–0.77,
W = 64.0, p = 0.01, and rrb = 0.78; left hippocampus: anosognosia
group M = 0.55, Mdn = 0.56, IQR = 0.05, and Rng = 0.51–
0.57; non-anosognosia group M = 0.62, Mdn = 0.63, IQR = 0.06,
Rng = 0.48–0.69 W = 62.0, p = 0.01, and rrb = 0.72).

The group of aMCI subjects with anosognosia also displayed
a lower GMD in the bilateral cingulum cortex ROI (M = 0.47,
Mdn = 0.47, IQR = 0.02, and Rng = 0.44–0.51) than subjects
without anosognosia (M = 0.51, Mdn = 0.51, IQR = 0.11,
and Rng = 0.43–0.60), but this difference was not statistically
significant (W = 49.0, p = 0.25, and rrb = 0.36).
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TABLE 2 | Demographic and clinical characteristics of patients with aMCI and AD
displaying and not displaying anosognosia.

aMCI (n = 18)

Anosognosia
(n = 6)

No anosognosia
(n = 12)

Test
statistic

p value

Age
(Years)

M = 70.7
Mdn = 72.0
IQR = 3.0
Rng = 62.0 – 74.0

M = 68.8
Mdn = 69.5
IQR = 7.0
Rng = 60.0–75.0

27.5 0.45

Sex
(Female, male)

2, 4 9, 3 2.9 0.09

Education
(Years)

M = 12.8
Mdn = 12.0
IQR = 5.3
Rng = 6.0 – 17.0

M = 11.9
Mdn = 12.0
IQR = 7.0
Rng = 9.0 – 17.0

29.5 0.57

MMSE
(Score)

M = 26.3
Mdn = 26.5
IQR = 1.8
Rng = 25.0 – 28.0

M = 27.6
Mdn = 28.0
IQR = 1.3
Rng = 25.0 – 30.0

53.5 0.10

ICV
(cm3)

M = 1312.1
Mdn = 1358.4
IQR = 147.0
Rng = 1058.9 –
1466.8

M = 1272.4
Mdn = 1292.0
IQR = 64.5
Rng = 1164.8.0 –
1397.2

25.0 0.34

AD (n = 16)

Anosognosia
(n = 7)

No anosognosia
(n = 9)

Test
statistic

p value

Age
(Years)

M = 71.6
Mdn = 72.0
IQR = 6.0
Rng = 65.0–76.0

M = 66.1
Mdn = 64.5
IQR = 6.0
Rng = 60.0–76.0

14.0 0.07

Sex
(Female, male)

5, 2 5, 4 0.4 0.52

Education
(Years)

M = 11.4
Mdn = 9.0
IQR = 3.5
Rng = 9.0–19.0

M = 12.6
Mdn = 12.0
IQR = 7.0
Rng = 6.0–20.0

38.5 0.47

MMSE
(Score)

M = 21.3
Mdn = 21.0
IQR = 4.0
Rng = 17.0 - 26.0

M = 23.3
Mdn = 22.0
IQR = 4.0
Rng = 18.0 - 30.0

43.5 0.26

ICV
(cm3)

M = 1379.1
Mdn = 1358.1
IQR = 137.6
Rng = 1184.1–
1414.8

M = 1284.5
Mdn = 1293.4
IQR = 117.3
Rng = 1262.6–
1519.2

13.0 0.06

Values are presented as means (M), medians (Mdn), interquartile ranges (IQR)
and ranges (Rng). Test statistics and p values for age, education, MMSE and
ICV correspond to the Mann-Whitney U test. Test statistic and p value for sex
corresponds to the Chi-square test. aMCI, Amnestic mild cognitive impairment;
AD, Alzheimer’s disease dementia; MMSE, Mini-Mental State Examination; ICV,
Intracranial volume.

In the AD group, subjects with anosognosia had a lower
GMD in the bilateral hippocampus ROI (M = 5.1, Mdn = 0.55,
IQR = 0.25, and Rng = 0.33–0.71) than aMCI subjects
without anosognosia (M = 0.56, Mdn = 0.57, IQR = 0.13,
and Rng = 0.46–0.77), but this difference was not statistically
significant (W = 39.0, p = 0.47, and rrb = 0.24). In an exploratory
analysis, we identified that the Mdn hippocampal GMD of aMCI

subjects with anosognosia (M = 0.55, Mdn = 0.54, IQR = 0.06,
and Rng = 0.48–0.60) was not statistically different than that the
whole subset of AD subjects (M = 0.54, Mdn = 0.56 IQR = 0.14,
Rng = 0.33–0.77, W = 48.0, p = 1.00, and rrb < 0.01), this is
illustrated in Figure 2.

Alzheimer’s disease subjects with anosognosia also displayed
a lower GMD in the bilateral cingulum cortex ROI (M = 0.41,
Mdn = 0.43, IQR = 0.09, and Rng = 0.34–0.48) than subjects
without anosognosia (M = 0.43, Mdn = 0.45 IQR = 0.10,
and Rng = 0.29–0.53), but this difference was not statistically
significant (W = 39.0, p = 0.47, and rrb = 0.24).

White Matter Fractional Anisotropy
Comparisons
No statistically significant differences in hippocampal FA were
found between aMCI subjects with anosognosia (M = 0.29,
Mdn = 0.31 IQR = 0.10, and Rng = 0.21–0.37) and without
anosognosia (M = 0.29, Mdn = 0.27, IQR = 0.10, Rng = 0.20–0.37,
W = 33.5, p = 0.85, and rrb = −0.07). This was also the case in the
cingulum FA, with no significant differences between aMCI with
anosognosia (M = 0.44, Mdn = 0.47 IQR = 0.06, and Rng = 0.36–
0.53) and without anosognosia (M = 0.44, Mdn = 0.42 IQR = 0.09,
Rng = 0.36–0.53, W = 31.5, p = 0.71, and rrb = −0.13).

Subjects with AD had similar results, with no significant
differences in hippocampal FA between the anosognosia
(M = 0.25, Mdn = 0.25, IQR = 0.11, and Rng = 0.15–0.39) and
no anosognosia groups (M = 0.25, Mdn = 0.24 IQR = 0.04,
Rng = 0.16–0.32 W = 28.0, p = 0.91, and rrb = 0.01), and also
no significant differences in cingulum FA between the groups
(anosognosia group M = 0.38, Mdn = 0.36, IQR = 0.06, and
Rng = 0.30–0.52; non-anosognosia group M = 0.41, Mdn = 0.40,
IQR = 0.05, Rng = 0.34–0.49, W = 39.0, p = 0.23, and rrb = 0.39).

White Matter Mean Diffusivity
Comparisons
No statistically significant differences were found in hippocampal
MD between aMCI subjects with anosognosia (M = 7.31e−4,
Mdn = 5.07e−4, IQR = 4.71e−4, and Rng = 4.47e−4 – 8.07e−4)
and without anosognosia (M = 7.25e−4, Mdn = 0.27, IQR = 0.10,
Rng = 0.20–0.37, W = 30.0, p = 0.62, and rrb = −0.17). This was
also the case in the cingulum MD, with no significant differences
between aMCI with anosognosia (M = 5.98e−4, Mdn = 4.97e−4
IQR = 2.43e−4, and Rng = 4.52e−4 – 8.39e−4) and without
anosognosia (M = 6.28e−4, Mdn = 6.35e−4 IQR = 3.05e−4,
Rng = 4.47e−4 – 8.07e−4, W = 32.5, p = 0.78, and rrb = −0.10).

In the AD group, no significant differences were found
in hippocampal MD between the anosognosia (M = 8.53e−4,
Mdn = 6.32e−4, IQR = 7.00e−4, and Rng = 4.36e−4 - 1.00e−3)
and no anosognosia groups (M = 9.67e−4, Mdn = 9.56e−4
IQR = 2.39e−4, Rng = 5.14e−4 - 2.00e−3 W = 29.0, p = 0.96,
and rrb = 0.04), and also no significant differences in cingulum
MD between the groups (anosognosia group M = 6.81e−4,
Mdn = 5.83e−4, IQR = 3.47e−4, and Rng = 4.63e−4 –
9.10e−4; non-anosognosia group M = 7.34e−4, Mdn = 7.91e−4,
IQR = 1.28e−4, Rng = 4.78e−4 – 8.53e−4, W = 26.0, p = 0.86,
and rrb = −0.07).
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FIGURE 2 | Gray matter density in the hippocampal and cingulum regions of interest in aMCI subjects with and without anosognosia, and AD dementia participants.
aMCI subjects with anosognosia displayed significantly less hippocampal gray matter density than aMCI subjects without anosognosia (**p = 0.01). The
hippocampal gray matter density of aMCI subjects with anosognosia was not statistically different from participants with AD dementia. Boxplots represent mean
group values and interquartile ranges, outliers (values outside the lower of upper limits of the quartile range) are represented with the symbol +. GMD, gray matter
density; FA, fractional anisotropy; MD, mean diffusivity; aMCI, amnestic mild cognitive impairment; AD, Alzheimer’s disease. Although most of these correlations were
not significant, there are trends shown in Supplementary Figure 1 that could inform future research, particularly the negative correlation between anosognosia
scores and FA in both ROIs shown in AD participants. If replicated, this suggests that white-matter integrity disturbances could result in a more pronounced
anosognosia presentation in AD.

DISCUSSION

One of the main findings in this study, where we assessed
volumetric and white matter tract changes associated with
anosognosia, is that a group of aMCI subjects displaying
anosognosia had a lower hippocampal volume than a group

of aMCI subjects without anosognosia. These groups did not
differ significantly by age, sex distribution, MMSE score, or ICV,
which suggests that these groups were comparable. However,
even more interestingly, aMCI subjects with anosognosia had a
similar hippocampal volume to subjects with AD in our study.
In the following, we will discuss the implications in the clinical
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characterization of aMCI and anosognosia assessment, neural
and cognitive mechanisms underlying anosognosia, limitations
of our study, and suggest future lines of research.

First, taking a clinical perspective, the association of reduced
hippocampal volume with the presence of anosognosia in aMCI
is in line with previous studies that place anosognosia as a risk
factor for progression to AD dementia (Spalletta et al., 2014;
Scherling et al., 2016). Hippocampal atrophy is independently
and strongly correlated to AD progression from its early stages
and to a heightened risk of progression from aMCI to AD
dementia (Izzo et al., 2020; Zhuo et al., 2021). This implies that
in clinical practice, an aMCI patient presenting to consultation
with anosognosia might have a higher risk of progressing to
dementia due to AD, and could benefit from a closer follow-up, a
more comprehensive diagnostic workup, and potentially, disease-
modifying strategies. Interestingly, our findings were obtained
through a straight-forward classification of anosognosia. By using
the screening questions of the BDSI (Godefroy et al., 2010), which
are presented in Table 1, we dichotomized subjects as presenting
and not presenting anosognosia, which is a simple approach that
could be easily undertaken in everyday clinical assessments.

Regarding the neural and cognitive mechanisms underlying
anosognosia, it has been hypothesized that because subjects
affected by AD suffer from an inability to form new memories,
they depend on remote personal semantics to evaluate their
present performance, with inadequate self-appraisal (Morris
and Mograbi, 2013; Vannini et al., 2017; Tondelli et al.,
2018). This might explain why in our study anosognosia was
significantly related to localized volumetric changes in the
hippocampus, a fundamental structure for the formation of
episodic memories (Eichenbaum, 2017). On the other hand,
it is worth noting that AD subjects with anosognosia also
displayed lower hippocampal and cingulum cortex volumes than
AD subjects without anosognosia, but this difference was not
statistically significant. This might imply that anosognosia in
aMCI is an appropriate clinical marker of a brain phenotype that
is within the AD continuum, but that anosognosia in AD arises
from more subtle brain changes not limited to the hippocampus.

Some limitations of the current study are worth commenting
on. The small sample size warrants caution in the interpretation
of the results, which are thus in need of replication in larger
samples. In addition, this implies that more subtle brain changes
related to anosognosia might not have been detected. Another
limitation that might explain the lack of differences in white
matter tracts in our sample, is the concern that diffusion
methods such as FA might be insufficient to study structures such
as the cingulum bundle, where crossing-fiber anatomy might
necessitate more specific measurements that track white matter-
fibers more reliably (Douaud et al., 2011; Jeurissen et al., 2014).

Our findings are in contrast to recent studies that identify
a link between poor awareness of memory performance and a
loss of white-matter integrity in the corpus callosum, frontal-
striatal fibers and anterior thalamocortical radiations, as well as
in the full right hemisphere (Bertrand et al., 2021; Chang et al.,
2021). Beyond the fact that the number of ROIs used in the
current study is limited by a small sample size, it is worth noting
that the definition of anosognosia used in each study (different

assessments of awareness of memory performance vs. structured
questionnaire of everyday behavior) limits the comparability
of the findings.

In sum, our preliminary findings, if replicated, suggest that
anosognosia might be a relevant clinical marker for the suspicion
of structural brain changes within the AD continuum in subjects
with aMCI. Future studies assessing larger populations are
necessary in order to contribute both to the characterization of
aMCI subtypes and the understanding of the neural changes
underlying anosognosia.
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Introduction: Impaired awareness in dementia caused by Alzheimer’s disease and
related disorders made study partner-report the preferred method of measuring
interference in “instrumental activities of daily living” (IADL). However, with a shifting focus
toward earlier disease stages and prevention, the question arises whether self-report
might be equally or even more appropriate. The aim of this study was to investigate
how participant- and study partner-report IADL perform in a community-based volunteer
population without dementia and which factors relate to differences between participant-
and study partner-report.

Methods: Participants (N = 3,288; 18–97 years, 70.4% females) and their study
partners (N = 1,213; 18–88 years, 45.8% females) were recruited from the Dutch Brain
Research Registry. IADL were measured using the Amsterdam IADL Questionnaire.
The concordance between participant- and study partner-reported IADL difficulties was
examined using intraclass correlation coefficient (ICC). Multinomial logistic regressions
were used to investigate which demographic, cognitive, and psychosocial factors
related to participant and study partner differences, by looking at the over- and
underreport of IADL difficulties by the participant, relative to their study partner.

Results: Most A-IADL-Q scores represented no difficulties for both participants (87.9%)
and study partners (89.4%). The concordance between participants and study partners
was moderate (ICC = 0.55, 95% confidence interval [CI] = [0.51, 0.59]); 24.5% (N = 297)
of participants overreported their IADL difficulties compared with study partners, and
17.8% (N = 216) underreported difficulties. The presence of depressive symptoms (odds
ratio [OR] = 1.31, 95% CI = [1.12, 1.54]), as well as memory complaints (OR = 2.45, 95%
CI = [1.80, 3.34]), increased the odds of participants overreporting their IADL difficulties.
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Higher IADL ratings decreased the odds of participant underreport (OR = 0.71, 95%
CI = [0.67, 0.74]).

Conclusion: In this sample of community-based volunteers, most participants and
study partners reported no major IADL difficulties. Differences between participant
and study partner were, however, quite prevalent, with subjective factors indicative
of increased report of IADL difficulties by the participant in particular. These findings
suggest that self- and study partner-report measures may not be interchangeable,
and that the level of awareness needs to be considered, even in cognitively
healthy individuals.

Keywords: instrumental activities of daily living, aging, preclinical, awareness, Alzheimer’s disease, dementia,
self report measures, study partner-reported outcomes

INTRODUCTION

As the research field of Alzheimer’s disease (AD) shifts its
attention to earlier stages of the disease, clinically meaningful
outcome measures that show early changes are becoming
increasingly important (Edgar et al., 2019). One such outcome
measure is the concept of “instrumental activities of daily living”
(IADL), which refers to cognitively complex everyday activities
(Lawton and Brody, 1969). Previous studies have shown that
study partners report a decline in IADL in preclinical AD,
even before cognitive problems can be detected by the standard
cognitive testing (Sperling et al., 2011; Marshall et al., 2012,
2017; Zoller et al., 2014). Due to impairments in awareness
in persons with dementia (Hanseeuw et al., 2020), (I)ADL
functioning has traditionally been assessed using study partner-
report questionnaires (Loewenstein et al., 2001; Howorth and
Saper, 2003; Wadley et al., 2003; Desai et al., 2004; Farias et al.,
2005; Graham et al., 2005; Sikkes et al., 2009; Hackett et al., 2020).

However, it has been suggested that study partner-report
may be biased, by factors such as depression, anxiety, and
caregiver burden (Zanetti et al., 1999; Arguelles et al., 2001; Ready
et al., 2004). With a shift toward studying cognitively normal
or “at-risk” individuals, one might assume that participants are
able to reliably reflect on their own level of functioning, as
they are thought to have accurate or potentially heightened
awareness of their functional and cognitive abilities, as reflected
in the concept of subjective cognitive decline (SCD) (Steward
et al., 2019; Hanseeuw et al., 2020). In such populations,
participant-report may therefore be a more appropriate and
direct assessment method (DeBettignies et al., 1990; Zanetti et al.,
1999; Arguelles et al., 2001).

When investigating participant- and study partner-report, a
few findings stand out. First, several studies have found that
there is no perfect concordance between participants and study
partners, even in cognitively normal populations (Farias et al.,
2005; Okonkwo et al., 2008; Marshall et al., 2020). Factors such
as participant education, depression, and anxiety, as well as the
nature of the relationship and the frequency and intensity of
contact between participants and study partners, may affect how
either party reports impairments, leading to discordance where
one may report more or fewer impairments than the other.
Second, studies investigating the interplay of these factors in

cognitively normal populations are scarce. Furthermore, findings
are difficult to compare between studies, due to differences in
IADL measurements and in the definition and operationalization
of concordance and discordance.

The Amsterdam IADL Questionnaire (A-IADL-Q) was
developed as a study partner-rated questionnaire and has been
extensively validated in memory clinic and community-based
international aging populations (Sikkes et al., 2012, 2013a,b;
Koster et al., 2015; Jutten et al., 2017; Facal et al., 2018; Villeneuve
et al., 2019; Bruderer-Hofstetter et al., 2020; Dubbelman et al.,
2020a). It is not yet known how the participant-report version
of the A-IADL-Q performs and how it relates to study partner-
report. The aim of this study was to investigate how the
participant- and study partner-reported versions of the A-IADL-
Q perform in a community-based population, without dementia,
and what factors relate to differences between participant- and
study partner-reported IADL functioning.

MATERIALS AND METHODS

Participant Selection and Study Design
Participants were selected through the Dutch Brain Research
Registry (Hersenonderzoek.nl), which is an online platform
for people interested in cognition and brain-related research
(Zwan et al., 2021). All eligible registrants were invited by email
to participate in the study. The only inclusion criterion was
participants being 18 years or older. Those who self-reported to
have received a dementia-related diagnosis (i.e., dementia or mild
cognitive impairment [MCI]) were excluded.

Data collection started in August 2018 and ended in December
2018. The study was approved by the medical ethical committee
of the VU University Medical Center. The participants provided
consent via Hersenonderzoek.nl. Since study partners were not
recruited through Hersenonderzoek.nl, they provided consent
prior to completing the online IADL questionnaire.

Measures
Amsterdam Instrumental Activities of Daily Living
Questionnaire
The main outcome measure was the A-IADL-Q. The A-IADL-Q
was developed as a study partner-report instrument aimed

Frontiers in Aging Neuroscience | www.frontiersin.org 2 January 2022 | Volume 13 | Article 76193231

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-761932 January 5, 2022 Time: 10:7 # 3

Verrijp et al. Everyday Functioning: Differences Between Dyads

at measuring problems in cognitively complex everyday
functioning (Sikkes et al., 2012). For the current study, we
adapted the study partner-report version to a participant-report
version. Both versions consist of the same 30 items, covering
a broad range of cognitive IADL. Each item assesses difficulty
performing an activity due to cognitive problems, such as
problems with memory, attention, or executive functioning.
Item responses were rated on a five-point Likert scale, ranging
from “no difficulty in performing this activity” (0) to “no longer
able to perform this activity” (4). The total score is calculated
using item response theory (IRT), assuming a single underlying
construct (Reise and Waller, 2009), that is, IADL functioning,
ranging from disability to ability. Total scores range from 20
to 70 and were reversed so that higher scores reflect better
IADL functioning. A cutoff value for dementia was previously
placed at 51.4 (Sikkes et al., 2013b), while scores above 60 were
considered to indicate no IADL difficulties (Dubbelman et al.,
2020b). The study partner-report version of the A-IADL-Q has
undergone extensive validation, showing a good content and
construct validity, high internal consistency, high test-retest
reliability, good responsiveness to change and ablity to measure
IADL across cultures and languages (Sikkes et al., 2013a,b; Koster
et al., 2015; Jutten et al., 2017; Dubbelman et al., 2020a). The
study partner version of the A-IADL-Q also includes questions
about the type of relation to the participant and cohabitation.
Study partners were classified as spouses, children, siblings, or
“other.” Study partners in the “other” category included friends,
coworkers, or other family members.

Other Measures
Cognitive functioning was assessed using the Cognitive Online
Self-Test Amsterdam (COST-A), an online cognitive self-
test developed and validated by Van Mierlo et al. (2017).
The COST-A included 10 tasks, namely, orientation, digit-
sequence learning, immediate word recall, two trail-making
tasks (i.e., connecting numbered dots and alternately connecting
lettered and numbered dots), delayed word recall, delayed word
recognition, immediate recall of word pairs, recognition of word
pairs, and semantic comprehension. Performance on each of
the tasks was standardized and averaged into a Z-score to
represent overall cognitive functioning, where higher scores
indicate better cognition. Visser et al. (2021) provided a more
detailed description of the COST-A.

In addition, a single yes/no question (“Do you have
memory complaints?”) assessed subjective memory complaints.
Depressive symptoms were assessed with the five-item short form
of the Geriatric Depression Scale (GDS5) (Hoyl et al., 1999)
with higher scores indicating more depressive symptoms. The
education level was classified as low-medium (up to high school)
and high education (college degree).

Defining Awareness of Instrumental
Activities of Daily Living Functioning
In line with other studies, we defined concordance based on
the discrepancy between participant- and study partner-report
(Hanseeuw et al., 2020). Based on a previously determined
clinically meaningful difference over time of 2.4 points, we

categorized concordance into three groups, (Dubbelman et al.,
2020) namely, (1) concordance between dyads, (2) discordance
between dyads with the participant “overreporting” difficulties
(i.e., scoring ≥ 2.4 points lower than their study partner),
and (3) discordance between dyads with the participant
“underreporting” difficulties (i.e., scoring ≥ 2.4 points higher
than their study partner).

Statistical Analyses
Demographic differences between study partners and
participants were tested using independent t-tests or chi-square
tests. The frequency of IADL difficulties among cognitively
normal participants and their study partners was determined.
Then, in separate linear regression analyses, A-IADL-Q scores
of both raters were associated with age, education, objective
cognitive functioning, subjective cognitive functioning, and
depressive symptoms.

The intraclass correlation coefficient (ICC) was computed to
examine the absolute agreement between participant and study
partner ratings. According to the criteria suggested by Koo
et al., an ICC < 0.5 shows poor agreement, an ICC of 0.5–
0.75 shows moderate, and an ICC > 0.75 shows good agreement
(Koo and Li, 2016).

Using stepwise multinomial logistic regression models with
backward selection, we investigated which factors related to
concordance and discordance between dyads. The variables
included the following parameters of participants: education
level, sex, age, COST-A scores, memory complaints, GDS5
total score, study partner-reported IADL functioning, the type
of relationship, cohabitation (yes/no), and the absolute age
difference between dyads. For this analysis, COST-A scores were
dichotomized into normal (more than -1.5 SD) and low (less than
or equal to −1.5 SD) cognitive functioning. All analyses were
performed using R version 4.0.3 software (R Core Team, 2020).

RESULTS

Of the 11,060 eligible registrants, 4,817 individuals (44%) were
interested in participation and received study instructions.
After receiving instructions, 3,288 (68%) individuals completed
the participant-reported A-IADL-Q. On average, participants
were 61.0 ± 12.1 years old and the majority of them
were women (i.e., 2,315; 70.4%). Approximately, half the
participants experienced memory complaints. Table 1 displays
all participant and study partner characteristics. Participant and
study partner characteristics stratified by age groups are shown in
Supplementary Material.

For 1,213 participants (36.9% of complete sample), the
A-IADL-Q was also completed by a study partner (participant
and study partner pairs will be referred to as “dyads”).
Participants who were part of a dyad were 62.5 ± 11.1 years
old, and the majority of them were women (i.e., 828; 68.3%).
They were older (p < 0.001) and more often men (p = 0.046)
than participants who were not part of a dyad. Within dyads, the
participants were older (p < 0.001) and more likely to be women
(p < 0.001) than study partners.
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TABLE 1 | Participant and study partner characteristics.

Participants
(N = 3,288)

Dyads (N = 1,213)

Participants Study
partners

Age, mean (SD) 61.0 (12.1) 62.5 (11.1) 58.8 (14.2)

Range 18–97 18–93 18–88

Female, n (%) 2,315 (70.4) 828 (68.3) 556 (45.8)

High level of education, n (%) 2,323 (70.7) 854 (70.4) —

A-IADL-Q score, mean (SD) 65.9 (4.8) 65.9 (4.7) 66.1 (4.6)

Range 40.9–70.0 40.7–70.0 42.7–70.0

Memory complaints present,1 n (%) 1,429 (47.5) 586 (49.9) —

COST-A,2 abnormal performance
(≤ -1.5SD), n (%)

225 (7.6) 86 (7.5) —

GDS5,1 median (IQR) 0 (0–1) 0 (0–1) —

Type of relationship, n (%)
Spouse
Child
Sibling
Other

956 (78.8)
155 (12.8)
32 (2.6)
70 (5.8)

Duration relationship, n (%)
< 5 years
5–10 years
>10 years

33 (2.7)
58 (4.8)

1,119 (92.5)

Living together, n (%) 960 (79.3)

“—” denotes that the data were not available. 1Data were available for 3,011
participants, of whom 1,175 were part of a dyad. 2Data were available for
2,945 participants, of whom 1,149 were part of a dyad. A-IADL-Q, Amsterdam
Instrumental Activities of Daily Living Questionnaire; COST-A, Cognitive Self-Test
Amsterdam; GDS5, 5-item Geriatric Depression Scale; IQR, interquartile range; SD,
standard deviation.

Instrumental Activities of Daily Living
Difficulties in a Cognitively Normal
Population
Figure 1 shows the distribution of participant- and study partner-
reported A-IADL-Q scores. Among dyads, the participant-
reported A-IADL-Q scores (65.9 ± 4.8) did not differ from
the study partner-reported A-IADL-Q scores (66.1 ± 4.6;
p = 0.186). Virtually all participants (3,232/3,288; 98.3%) and
study partners (1,195/1,213; 98.5%) reported A-IADL-Q scores
above a previously established cutoff for dementia (total score of
51.4). Moreover, the vast majority of both participant-reported
(87.9%) and study partner-reported (89.4%) total scores were
higher than 60, indicating no difficulties.

Then, we examined IADL difficulties at an item level.
Half of all participants (i.e., 1,750/3,288, 53.2%) and study
partners (i.e., 722/1,213, 59.5%) reported no difficulties in
any activity. Those who reported difficulties mostly did so
in only one activity (i.e., 35.2% of participants and 35.8% of
study partners). Figure 2 shows the percentage of participants
and study partners who reported difficulties for each IADL
activity. Most frequently reported IADL difficulties for both
participants and study partners were working (i.e., 26.9 and
19.9%, respectively), household duties (i.e., 22.2 and 16.5%,
respectively), and making minor repairs at home (i.e., 16.4 and
12.7%, respectively).

Table 2 shows the associations between age, education level,
cognitive complaints, COST-A, GDS, and participant- and study
partner-reported IADL performance. Higher age was associated
with lower A-IADL-Q scores, and higher education was
associated with better A-IADL-Q scores, but associations were
weak. For example, with every 10 years increase in age, A-IADL-
Q participant- and study partner-reported scores decreased with
1.2 and 1.8 points, respectively. Both participant- and study
partner-reported A-IADL-Q scores were more highly associated
with COST-A scores, memory complaints, and GDS. Higher
COST-A scores, indicating better cognitive functioning, were
associated with better IADL functioning, whereas a higher GDS,
indicating more depressive symptoms, and presence of memory
complaints were associated with worse IADL functioning.
Associations with age, education, and COST-A scores were
comparable for participant- and study partner-report, whereas
associations with GDS and memory complaints were more
strongly associated with participant-reported IADL scores.

Concordance and Discordance Between
Dyads
There was a moderate agreement between participant- and study
partner-reported IADL functioning (ICC = 0.55, 95% CI = [0.51,
0.59], p < 0.001; see Supplementary Table 1). Of all 1,213
dyads, 700 (57.7%) were in concordance. Two hundred sixteen
participants (17.8%) underreported difficulties, compared with
their study partners, and 297 participants (24.5%) overreported
IADL difficulties, compared to their study partners. Compared
with concordant dyads, participants with memory complaints
(odds ratio [OR] = 2.44, 95% CI = [1.80, 3.32], p < 0.001) and
with a higher GDS (OR = 1.31, 95% CI = [1.12, 1.53], p = 0.001)
were more likely to overreport IADL difficulties (see Table 3).
Participant underreport was less likely when there were fewer
IADL difficulties (OR = 0.71, 95% CI = [0.67, 0.74], p < 0.001).
Thus, concordance was more likely when the participant did
not experience memory complaints, when they had lower GDS
scores, and when IADL performance was higher. Education, age,
gender, and COST-A scores of participants were not related to
concordance between dyads.

DISCUSSION

In this study, we showed that the majority of IADL scores
fell within the range of normal IADL functioning in this
community-based population, but that discordance among dyads
was quite prevalent. A small proportion reported subtle IADL
difficulties, which was associated with older age, lower education,
worse cognitive performance, presence of self-reported memory
complaints, and more depressive symptoms of participants,
for both participant- and study partner-report. A moderate
agreement between participant- and study partner-reported
IADL was found with discordance between dyads being more
likely when the participant reported memory complaints, and had
depressive symptoms and lower IADL performance.

While the large majority of participant- and study partner-
reported IADL functioning fell within the range of normal IADL

Frontiers in Aging Neuroscience | www.frontiersin.org 4 January 2022 | Volume 13 | Article 76193233

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-761932 January 5, 2022 Time: 10:7 # 5

Verrijp et al. Everyday Functioning: Differences Between Dyads

FIGURE 1 | A-IADL-Q total score distribution among all participants (left panel, N = 3,288) and among dyads (right panel, N = 1,213, participants are denoted in
green and study partners are denoted in purple).

functioning, approximately a tenth of both participants and
study partners scored below the previously established cutoff
for normal IADL functioning (Dubbelman et al., 2020b). This
prevalence of impaired IADL is comparable to other population-
based studies (Ostbye et al., 1997; Pudaric et al., 2003; Crimmins
et al., 2011; Scheel-Hincke et al., 2020). For example, Scheel-
Hincke et al. (2020) reported a prevalence of impaired IADL of
12 to 20% in Western Europe, with impaired IADL defined as
presence of any difficulties. Another population-based study by
Pudaric et al. (2003) reported a prevalence of impaired IADL
(inability to carry out shopping, cooking, or housework) of 6
to 11%. Despite this comparable prevalence of abnormal IADL
functioning, it is important to note that approximately half of
our population reported more subtle difficulties. If we applied
the definition of Scheel-Hincke et al. (2020), the prevalence of
impaired IADL in our study would be approximately 50%, which
is substantially higher than the prevalence that they reported.
There are two potential explanations for this difference: first,
we included more activities, and second, and more importantly,
we included more cognitively complex activities than other
studies. This is illustrated by the fact that most problems were
reported in working, household duties, and making repairs,
which are especially cognitively complex (Jutten et al., 2017).
These activities were not included in other IADL scales. For
example, a population-based study that assessed five IADL items
(Chan et al., 2012) reported most problems for shopping. In our
population, problems with shopping were fourth most prevalent.
We found a higher proportion of difficulties for more complex
activities, supporting the notion that including more complex

activities enabled detection of more fine-grained difficulties in
IADL functioning.

With regard to potential sources of bias in the report of
IADL functioning, we found low associations between both study
partner- and participant-reported IADL functioning and age
and education. This finding is supported by previous validation
studies for the study partner version of the A-IADL-Q (Sikkes
et al., 2013a; Jutten et al., 2017; Dubbelman et al., 2020a).
Participant- and study partner-report were similarly associated
with objective cognitive performance, but participant-reported
IADL functioning was more strongly related to depressive
symptoms, as well as subjective cognitive performance (i.e.,
presence of self-reported memory complaints). Consistent with
recent literature suggesting that study partners are better able
to assess the functioning of participants than the participant
themselves (Howland et al., 2017), our findings might imply
that study partner-report is less biased than participant-report by
participant-related subjective factors.

Our findings demonstrated only a moderate concordance
between dyads. While the distributions of study partner-
and participant-reported IADL scores were largely similar, we
found a moderate ICC and a high proportion of discordance
(either over- or underreport). Other studies have also shown
discordance in cognitively normal participants and, specifically,
participant overreport (Ostbye et al., 1997; Farias et al., 2005;
Okonkwo et al., 2008; Pol et al., 2011). For example, a
study by Okonkwo et al. (2008) showed slight discordance
between participant- and study partner-report of specific finance-
related IADL. The proportion of discordance that we found
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FIGURE 2 | Stacked bar chart showing the percentage of participants (denoted in shades of green) and study partners (denoted in shades of purple) who reported
difficulties (N = 1,213). The dark shades represent difficulty with the activity: “no longer able to perform this activity” (4), “much more difficulty” (3), “more difficulty” (2),
and “slightly more difficulty” (1). The lightest shade represents “no difficulty in performing this activity” (0). Displaying data from dyads only.

in our study is substantially higher, which is probably due
to differences in IADL measures, definitions of concordance,
and population differences. As opposed to Okonkwo et al.

TABLE 2 | Linear regressions to investigate associations with participant- and
study partner-reported IADL performance.

Measure Participant-report Study partner-report

Age −0.12 [−0.16, −0.09] −0.18 [−0.26, −0.14]

High education 0.09 [0.06, 0.13] 0.07 [0.02, 0.13]

Memory complaints present −0.33 [−0.36, −0.29] −0.24 [−0.30, −0.19]

COST-A 0.23 [0.19, 0.26] 0.25 [0.20, 0.31]

GDS5 −0.33 [−0.36, −0.29] −0.21 [−0.30, −0.17]

Associations are shown as standardized beta [95% confidence interval]. Some
measures were not available for the entire sample. Memory complaints were
available for N = 3,011 participants and N = 1,175 participants who were part
of a dyad. COST-A scores were available for N = 2,945 participants and N = 1,149
participants who were part of a dyad. GDS5 scores were available for N = 3,017
participants and N = 1,177 participants who were part of a dyad.

(2008), who calculated concordance based on an individual
item, we determined concordance based on a more global
measure of IADL with a wider range of activities. We calculated
concordance based on a clinically meaningful difference in
total scores. Another potential explanation may be that, even
though we used a population-based sample, we did not screen
for cognitive impairment. As such, it is possible that there
were participants who had subtle cognitive impairment but
did not meet criteria for MCI or dementia. Thus, while the
proportion of discordance is difficult to compare with other
studies, the fact that other studies also reported discordance
suggests that participant- and study partner-report might not be
interchangeable.

The potential limited interchangeability is further supported
by our results, which indicate that concordance is influenced
by self-reported memory complaints and depressive symptoms.
Participants with memory complaints reported more difficulties,
compared with their study partners. Participant overreport
of memory complaints has previously been described as a
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TABLE 3 | Multivariable multinomial logistic regression models comparing study
partners reporting more IADL difficulties than participant (N = 216) and participant
reporting more IADL difficulties than study partner (N = 297), compared with
agreement between the participant and study partner (N = 700).

Predictor Study
partner > Participant

(N = 216)

Participant > study
partner (N = 297)

OR [95% CI] P OR [95% CI] P

COST-A ≤ -1.5 SD 0.47 [0.21, 1.07] 0.070 1.36 [0.78, 2.39] 0.283

A-IADL-Q (study
partner-report)

0.71 [0.67, 0.74] <0.001 1.04 [0.99, 1.09] 0.148

Memory complaints
present

0.76 [0.50, 1.15] 0.194 2.44 [1.80, 3.32] <0.001

High education 0.92 [0.60, 1.40] 0.689 1.30 [0.93, 1.80] 0.121

Absolute age difference
between dyads in years

1.00 [0.97, 1.04] 0.924 1.01 [0.98, 1.04] 0.924

Age in years
(participant)

1.01 [0.99, 1.03] 0.467 1.01 [0.99, 1.02] 0.272

Female sex (participant) 0.74 [0.53, 1.02] 0.159 1.08 [0.78,1.49] 0.661

GDS5* 0.58 [0.50, 0.68] <0.001 1.31 [1.12, 1.53] <0.001

Type of relationship,
study partner is a:†

Child
Sibling
Other

2.19 [0.63, 7.60]
0.75 [0.13, 4.35]
0.81 [0.22, 2.98]

0.216
0.744
0.755

0.83 [0.30, 2.27]
0.57 [0.18, 1.85]
0.63 [0.24, 1.68]

0.716
0.350
0.355

Dyads live together 1.58 [0.70, 3.57] 0.277 1.04 [0.57, 1.90] 0.898

OR, odds ratio; 95% CI, 95% confidence interval. Concordance was used as a
reference group (N = 700). *More depressive symptoms; †Using spouse as a
reference category.

heightened awareness (Hanseeuw et al., 2020), which is thought
to characterize early stages of AD and related disorders
(Jessen et al., 2014; Slot et al., 2019; Hanseeuw et al., 2020).
Following this theory, a subgroup of our study sample may
have a heightened functional awareness. This idea is further
supported by our finding that a large proportion of our sample
had memory complaints, which may indicate a heightened
memory awareness. While no other studies have investigated
the effect of subjective cognitive functioning on the concordance
of functional impairment, several studies (Weinberger et al.,
1992; Ostbye et al., 1997; Albert et al., 1999; Tabert et al.,
2002; Farias et al., 2005; Okonkwo et al., 2008; Pol et al.,
2011) related objective cognitive functioning to concordance.
These studies show that patients with poorer global cognition
are more likely to underreport IADL difficulties. We did
not find a significant association between concordance and
objective cognition within our healthy volunteer population. This
could be due to the fact that our population is presumably
cognitively healthy, and lowered awareness may not occur
until cognitive problems start to develop (Starkstein et al.,
2006; Hanseeuw et al., 2020). Although not significant, in
this population, lower cognitive performance seems to be
related to reduced odds for participant underreport. This might
suggest that the subtle cognitive problems of these individuals
do not interfere with their disease insight, but rather, that
they increase their awareness. Furthermore, participants with
depressive symptoms were more likely to overreport, and

less likely to underreport, IADL difficulties. This was also
reported in studies in MCI and dementia that showed a
greater chance of discordance when participants had depressive
symptoms (Magaziner et al., 1996; Okonkwo et al., 2008).
This is in line with the idea that negative self-perception
in patients with depressive symptoms causes exaggeration
of deficits (Lahr et al., 2007), as has also been shown by
Okonkwo et al. (2008), who reported that underestimation of
financial abilities was related to higher depressive symptoms.
Thus, memory complaints and depressive symptoms both
influence the report of IADL difficulties of participants and
need to be taken into consideration when using participant-
reported IADL measures.

The findings discussed earlier may have important
implications for study design decisions and should be considered
carefully when considering the use of a participant-reported
IADL instrument. Although a concordance of 60% might
seem low, the majority of both participant- and study partner-
reported difficulties fell within the category of “no difficulties.”
This crude overlap indicates that participant-report IADL
can be useful in cognitively normal populations in cross-
sectional studies. However, when a deterioration of cognitive
functioning and subsequently everyday functioning is to be
expected, study partner-report might provide a more reliable
indication of change in IADL functioning. The combination
of participant- and study partner-report can be used to
establish awareness, which is informative since it has been
shown to predict future disease progression (Nosheny et al.,
2019, 2020) and greater discordance seems to be related to
a greater risk of Alzheimer pathology (Tabert et al., 2002;
Hanseeuw et al., 2020). The combination of participant- and
study partner-report might also be valuable as they seem to
reflect different perspectives. This is reflected in the current
study as participant-report seems to be more influenced by
subjective factors than the study partner-report. The different
perspectives were also implied in an article by Amariglio et al.
(2021) who showed that distinct IADL items were related
to amyloid pathology for participants and study partners.
Thus, participant self-report can be used in cognitively normal
populations but should ideally be supplemented by study
partner-report, not only when considering the cognitive
decline of participants in longitudinal studies but also to
gain multiple perspectives and insight into the awareness
of participants.

Some limitations should be considered when interpreting
our findings. For the lack of an objective IADL measure,
we cannot ascertain whether participants indeed overreport
their difficulties or whether participants actually have IADL
difficulties that the study partner does not yet notice. In
contrast, a heightened participant awareness may also reflect
lowered study partner awareness. This caveat notwithstanding,
the absence of an association between participant overreport and
objective cognitive functioning could indicate that participant
overreport is more strongly influenced by subjective than
objective factors. It should also be noted that objective cognition
and IADL performance cannot be completely separated, as IADL
performance is dependent on cognition. This may introduce
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some level of circularity into the analyses. However, the
association between our objective cognitive measure and the
A-IADL-Q scores was only moderate. Furthermore, as the
study partner-report is generally considered a gold standard in
dementia research and clinical practice (Sikkes and De Rotrou,
2014), we used it as such in the current study. Another limitation
is the selective nature of the volunteer registry, which consists
mostly of highly educated and highly motivated individuals. This
may limit generalizability to the general population. We did not
include factors such as caregiver burden, personality traits, or
more detailed information on the amount of contact between the
participant and the study partner. Future studies should consider
assessing these factors to obtain more detailed insight into the
accuracy of assessments and possible biases. Furthermore, follow-
up studies are needed to determine the pivot point until which
the participant is still able to reliably evaluate their own level of
daily functioning.

An important strength of this study is the large sample
of cognitively healthy volunteers, representing a large range
of ages, from early adulthood to late life. We included
detailed information about the level of IADL difficulties
from both self- and study partner-report in a cognitively
healthy population, providing valuable new insights into
the occurrence of more subtle IADL difficulties. While
the clinically meaningful cutoff was determined for decline
and not for differences between respondents, a strength of
this clinically meaningful cutoff to distinguish concordance
from discordance is that we believed that discordance
actually represented an important, non-negligible difference in
IADL report.

CONCLUSION

Our findings show a moderate concordance between participants
and study partners in reporting IADL difficulties, with subjective
factors influencing the level of concordance. These findings
suggest caution in using self- and study partner-report measures
interchangeably, even in cognitively healthy community-based
samples. Our results suggest that participant report might be
more related to subjective factors and that study partner-
report is less associated with these factors, possibly reflecting
differing perspectives.
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Objective: To understand awareness and fluctuations of awareness in Alzheimer’s
disease (AD), it is fruitful to consider the objects of awareness, e.g., cognitive functioning
or recognition of the disease, as well as the mechanisms and modes of expression
underlying awareness. With a holistic and discourse-centered approach, we aimed
to identify different awareness profiles and test whether these profiles were stable or
whether transitions from one profile to another occurred over short time intervals.

Methods: Twenty-eight residents of nursing homes with a diagnosis of AD participated
in four semistructured interviews at biweekly intervals. These interviews were cluster
analyzed to determine profiles of awareness. A Markov chain was applied to model
their fluctuation.

Results: Five awareness profiles were observed that differed in terms of objects and
underlying processes. Awareness proved to be quite stable for four of the five profiles.
Interindividual variability in awareness was also observed through numerous different
trajectories that were identified.

Discussion: Self-awareness and disease awareness are characterized by profiles that
vary subtly between individuals. Fluctuations in awareness underscore the need to
employ assessment intervals that closely reflect daily life in institutions.

Keywords: Alzheimer’s disease, anosognosia, awareness, temporal trajectory, profiles

INTRODUCTION

Lack of awareness, also known as anosognosia, refers to the difficulties experienced by patients
with certain neurological conditions, including Alzheimer’s disease (AD), in acknowledging their
condition, symptoms and changes (Mograbi and Morris, 2018). According to Clare (2010),
awareness in people with severe dementia is the ability to hold a reasonable or realistic perception
or appraisal of, and/or respond accordingly to, a given aspect of their environment, situation,
functioning or performance. Studies have sought to assess the progression of awareness of disease
through cross-sectional or longitudinal designs.
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The main finding of cross-sectional studies has been that lack
of awareness increases as AD progresses (Starkstein et al., 2006;
Maki et al., 2012; Mograbi et al., 2012; Conde-Sala et al., 2014;
Baptista et al., 2019). A decline in awareness has been observed
independent of the type of evaluation used (e.g., comparison
of a patient and a relative, Starkstein et al., 2006; Maki et al.,
2012; Conde-Sala et al., 2014; Baptista et al., 2019; the prediction-
performance paradigm, Mograbi et al., 2012) as well as the stage
of disease studied. However, the examination of a narrow time
frame under a cross-sectional design does not allow potential
fluctuations to be discerned over a stage of life that extends over
years and months. To examine a time frame that more closely
reflects what is experienced in institutions, some studies have
employed a longitudinal perspective.

Similar to the cross-sectional studies, longitudinal studies
have mainly observed an increased lack of awareness over time
(McDaniel et al., 1995; Aalten et al., 2006; Clare and Wilson, 2006;
van Vliet et al., 2013; Turró-Garriga et al., 2016; Sousa et al., 2017;
Hanseeuw et al., 2020). This progressive loss of awareness is not
the only pattern that has been observed. Indeed, Clare and Wilson
(2006) and Turró-Garriga et al. (2016) observed a progressive
loss of awareness for some participants and stability in awareness,
albeit to a lesser extent, for others. Recently, Dourado et al. (2016)
observed that nearly a quarter of the sample exhibited a deficit
at the 1-year point but found an improvement in awareness for
12.3% of the sample. Taken together, these longitudinal studies
indicate different patterns of change in awareness of disease.
When the amount of time between measurements is reduced, the
observed variation in patterns tends to increase, thereby raising
the question of whether the intervals of assessment should be
further reduced (e.g., monthly, weekly, or even daily follow-up).
Some studies have reported the daily experiences of relatives
(Clare and Woods, 2005; Walmsley and McCormack, 2017)
and reported “moments of lucidness,” “flashes,” or alternation
between “moments of presence and moments of absence”
(Rozotte, 2001). In their qualitative study, Wawrziczny et al.
(2016) highlighted the changing nature of the symptoms and the
discourse of spouses with dementia about their symptoms. If the
discourse of people with the disease evolves on a small time scale,
a caregiving spouse can be expected to see changes from 1 day
to the next, or family members visiting a loved one in a nursing
home can be expected to see changes in discourse from week to
week or month to month. These discourses may reflect varying
awareness levels of the patient. To our knowledge, no study has
measured awareness of disease at such short intervals.

Previous cross-sectional and longitudinal studies have had
limitations, such as the use of different samples, in the
comparison of stages and long intervals between evaluations.
The occurrence of daily fluctuations reported in some studies
was based only on comparative assessments. Indeed, another
limitation is the quasi-systematic use of comparative methods
to evaluate awareness, such as with the use of clinical ratings
(McDaniel et al., 1995; van Vliet et al., 2013), the prediction-
performance paradigm (Mograbi et al., 2012; Avondino and
Antoine, 2015), and/or comparison of a patient’s assessment
with that of a relative (Starkstein et al., 2006; Baptista et al.,
2019; Hanseeuw et al., 2020). Although the information gained

from such comparative methods is necessary and useful for
understanding what the person with AD experiences, the
perspective of the individual, what he or she understands about
him- or herself and his or her evolution, and how this is expressed
in his or her discourse deserve to be further explored. Finally,
these evaluations tend to consider only one facet of awareness,
namely, objects, the “what” that the evaluation is based on. In
dementia research, several studies have even emphasized the need
to distinguish between objects of awareness (Dourado et al., 2007;
Markova et al., 2014), for example, by differentiating awareness
of cognitive functioning and health condition, activities of daily
living, emotional state, social functioning, and relationships
(Lacerda et al., 2018). In the present study, objects refers to
the basis of changes and new information (emotions, body,
communication, autonomy, identity, cognitive abilities, memory,
and AD) perceived by people with AD (Mayelle et al., 2019).
Furthermore, O’Shaughnessy et al. (2021) stated that awareness
is a multidimensional construct requiring a holistic approach.
The phenomenon of awareness appears to be more than merely a
“what” but rather a synergy associating the “what” (i.e., the objects
of awareness) with the “how” in terms of the mechanisms and
modes of expression underlying awareness (Mayelle et al., 2020).

Two key issues must be addressed. The first is the need to
reduce the intervals of the observation of awareness to better
approximate the patient’s experiences, including the investigation
of objects, mechanisms, and modes of expression. The second
is the need to obtain a sense of awareness as experienced
by people with AD through a person-centered approach, i.e.,
based on their discourse reflecting their own perceptions and
the meaning they assign to those perceptions. We propose
two hypotheses. The first concerns the observation of different
“profiles” of awareness characterized by the awareness of objects
and the presence of mechanisms and modes of expression. While
we hypothesize that both fully “aware” and “unaware” profiles
will be observed, we also expect to observe more nuanced
profiles that exhibit differences in terms of awareness of objects,
mechanisms and modes of expression. The second hypothesis
concerns fluctuations in awareness. Based on the patterns of
fluctuations observed in longitudinal studies, we hypothesize that
the profiles of awareness identified will exhibit three different
types of patterns: deficit, stability, or improvement.

MATERIALS AND METHODS

Design
This observational study was conducted at seven nursing homes
in the Hauts-de-France region. Written consent was obtained for
each participant. The ethics committee of the University of Lille
approved the study (2018-267-S58).

Participants
To be included in the study, the participants had to have resided
at the nursing home for at least the previous 3 months. This
inclusion criterion allowed the influence of adaptation to a
new environment on awareness to be avoided. All participants
had a diagnosis of AD dementia by an experienced neurologist
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or geriatrician based on the criteria of the National Institute
on Aging–Alzheimer’s Association (McKhann et al., 2011).
The participants also had to speak French or at least be
capable of communicating in French for several minutes with
the investigator.

The sample contained 28 participants [mean (M) age: 85.21;
standard deviation (SD): 6.71]. Of the participants, 23 were
women (aged 70–96 years, M: 86.04 years; SD: 5.83) and five were
men (aged from 66 to 90 years, M: 85.25 years, SD: 5.25). The
mean Mini Mental State Exam (MMSE) score was 13.68 (SD:
4.29). The majority of participants were at a moderate stage of
dementia (n = 21). A minority were at a mild (n = 2) or severe
(n = 5) stage.

Procedure
Each participant was engaged in a series of four semistructured
interviews based on systematic themes such as mood, emotions,
well-being (physical and psychological), daily life, self-perception
(body, personality), family, friends, relationship changes,
cognitive functions, memory loss, elderly experience, disease and
expectations for the future. The main questions were focused
on personal experience, such as “How are you?” “What are
you doing today?” and “Tell me about yourself.” Moreover,
the investigator used mainly reformulations or repetitions. The
objective of the interview was to follow only the participants’
experience and what they were able to say about it. For each
participant, all four interviews were conducted, transcribed and
rated by one of two trained psychologists.

Measure
Mini Mental State Exam
Cognitive functioning was assessed with the MMSE (Folstein
et al., 1975), which is a test of spatiotemporal orientation,
attention and calculation as well as memory, language and
visual construction.

Awareness of Self and Disease Assessment
The Awareness of Self and Disease Assessment (ASDA) scale
provides an evaluation of awareness of self and the disease that
is centered on the person with AD (for a detailed description,
see Mayelle et al., 2019). The ASDA is designed to be as close
as possible to the subjective experience of having the disease.
Each interview carried out with the ASDA was evaluated based
on 22 items (see Table 1) in three categories: objects (9),
mechanisms (5), and modes of expression (8). Objects refers
to the basis of changes and new information (emotions, body,
communication, autonomy, identity, cognitive abilities, memory,
and AD) perceived by people with AD. Mechanisms refers to
processes of awareness (e.g., observation of the environment,
perception of the expressions of others, comparison between
the past and the present, metacognition and confrontation
with difficulties). Modes of expression are how people express
their awareness (denial, expression of doubts, expression of
changes with a causal attribution, a self-description, a self-
assessment or a need).

Each item of the mechanisms and modes of expression
categories was rated on a six-point Likert scale (1: “Minimally

present,” 2: “Slightly present,” 3: “Mildly present,” 4: “Moderately
present,” 5: “Strongly present,” 6: “Extremely present”). Each item
of the object category was also rated according to a six-point
Likert scale (1: “Strong unawareness,” 2: “Mild unawareness,” 3:
“Slight unawareness,” 4: “Slight awareness, 5: “Mild awareness,”
6: “Strong awareness”). A high rating was associated with a high
level of awareness. For each category, the overall score, between
1 and 6, is the mean of its items. Cronbach’s alpha was high
(from0.77 to 0.86). The ASDA does not presently provide a cutoff

TABLE 1 | The 22 items of the Awareness of Self and Disease
Assessment (ASDA).

Objects 1. Environment
2. Emotions
3. Body
4. Communication
5. Autonomy
6. Identity changes
7. Loss of cognitive abilities
8. Memory
9. Disease

Changes in the environment
All new emotions
Changes in sensations and
physical abilities
Difficulties with verbal treatment
information and verbalization
Difficulties during activities of
daily living
Personality/mental/social status
changes
Difficulties in concentration and
location in space and time
Difficulties in learning and
remembering information
Awareness of being a person
with Alzheimer’s disease

Mechanisms 1. Observation of the
environment
2. Perception of the looks of
others
3. Comparison between the
past and the present
4. Metacognition
5. Confrontation of difficulties

Awareness of changes with
environment observation
Awareness of changes in the
looks/discourses/actions of
others
Awareness of differences in
physical and psychological
state and loss of independence
and autonomy
Discourse on changes during a
metarepresentation/self-
analysis
Awareness of changes by
observation of decreased
physical and psychological
abilities

Modes of
expression

1. Denial
2. Bewilderment
3. Attribution
4. Description
5. Judgment
6. Recognition of the need for
help
7. Use of coping strategies
8. Confirmation of the disease

Opposition, denial of changes
and/or causes
Expression of
doubts/hesitations about daily
life and the future
Expression of changes with a
causal attribution
Expression of changes with a
self-description
Expression of changes with a
self-assessment
Expression of changes in
recognizing the need for help
during activities of daily living.
Expression of changes by using
coping strategies
Expression of changes by
recognizing Alzheimer’s disease
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score; rather, the objective is to create a “profile of awareness” for
each person with AD. The ASDA is a subjective measure based
only on what the participant is able to say. Consequently, this
method resulted in missing values, recorded as “Not evaluated.”
Overall, the rate of missing values was 14.85%, reflecting objects,
mechanisms or modes of expression that could not be scored
during an interview.

Data Analysis
The statistical analyses were carried out with R software (version
3.5.2). As a preliminary step, the “FactoMireR” and “MissMDA”
packages allowed the description of the data and imputation
for the missing values. A cluster analysis [i.e., a hierarchical
ascendant classification (HAC)] was carried out to determine
the different profiles of awareness. The aim was to ensure that
the interviews within a profile were as similar as possible and
that the profiles were as contrasting as possible. To do so,
the HAC was used to measure the similarity (or, conversely,
the distance) between the interviews in pairs based on the
scores of the 22 items. All these measures together constitute a
distance matrix. Two identical interviews will have a distance
of zero. The more different the interviews are, the greater
their distance. The HAC thus makes it possible to iteratively
position the interviews in relation to each other to produce a
dendrogram. The classification is hierarchical because it produces
increasingly larger profiles, including subgroups within them.
This dendrogram is then analyzed to produce the most easily
interpretable organization of profiles.

The second analysis used a Markov chain method and
was performed with the “Markovchain” package. This analysis
allowed the probabilities of a transition from one profile to
another to be quantified and modeled. Awareness is considered to
be a dynamic system composed of states and transitions between
these states. The states were defined by the profiles identified
in the previous analysis, and we then attempted to measure the
probability that each state (profile) would remain stable the next
time or evolve toward any of the other possible states (profiles).

RESULTS

Profiles of Awareness
The analyses included all 112 interviews conducted with the 28
residents. We identified five clusters (Table 2).

Profile 1 was characterized by a high presence of mechanisms
(M = 4.44, SD = 0.511), a moderate presence of modes of
expression (M = 3.014, SD = 0.603) and a moderate awareness
of objects (M = 3.728, SD = 0.469). Profile 2 was characterized by
a low presence of mechanisms (M = 2.37, SD = 0.489), a moderate
presence of modes of expression (M = 2.426, SD = 0.516), and a
moderate awareness of objects (M = 3.148, SD = 0.465). Profile
3 was characterized by a moderate presence of mechanisms
(M = 3.35, SD = 5.83), a low presence of modes of expression
(M = 1.982, SD = 3.56), and a low awareness of objects (M = 2.77,
SD = 0.367). Profile 4 was characterized by a high presence of
mechanisms (M = 4.733, SD = 7.11) and modes of expression
(M = 3.923, SD = 0.65) as well as a high level of awareness of

TABLE 2 | Summary of the clusters derived from the hierarchical
ascendant classification.

HAC

Profile 1 Profile 2 Profile 3 Profile 4 Profile 5

Number of interviews 18 27 28 21 18

Mechanisms Mean 4.44 2.37 3.35 4.73 1.94

SD 0.511 0.49 0.58 0.711 1.17

Objects Mean 3.73 3.15 2.77 4.56 1.98

SD 0.47 0.47 0.37 0.45 0.58

Modes of expression Mean 3.01 2.43 1.98 3.92 1.59

SD 0.60 0.52 0.36 0.65 0.63

objects. This profile represented a preserved awareness of self
and disease. Profile 5 was characterized by a low presence of
mechanisms (M = 1.944, SD = 1.17) and modes of expression
(M = 1.59, SD = 0.625) and a low level of awareness of objects.
Profile 5 represented a lack of awareness and thus was the
opposite of profile 4.

Fluctuations in Profiles as Modeled by a
Markov Chain
The Markov chain used to model the biweekly fluctuations in the
awareness of self and the disease is represented in Figure 1.

The modeling showed that over the 2-week period, awareness
proved to be quite stable for four of the five profiles [probability
(P) from 0.47 to 0.87], particularly for individuals who made
abundant use of mechanisms, who made moderate use of modes
of expression and who had a moderate level of awareness.
In contrast, the profile corresponding to the lowest level of
awareness appeared to be more transient and to have a low
probability of stability (P = 0.20).

Furthermore, numerous intercluster transitions were
observed. For example, profile 3 (moderate use of mechanisms,
low use of modes of expression, and a low level of awareness
of self and disease) appeared as a stable profile while connected
with each of the other profiles (P = 0.06–0.20). The profiles
tended to be connected with one another; that is, individuals
passed from one profile to another, either in a bidirectional
manner, such as between profile 4 and profile 3 (P = 0.12), or
in a more unidirectional manner, such as between profile 4 and
profile 1 (P = 0.07 and 0.24). Regarding the latter example, a
person had a greater probability of changing from profile 4 to
1 than from profile 1–4. The highest probability of changing
from one profile to another was between profile 5 and profile 2
(P = 0.60). Beyond the stability of their profiles, the participants
in the study had a high probability of progressing from a low
level of awareness of disease (with low use of both mechanisms
and modes of expression) toward a low/moderate level of
awareness (with moderate use of modes of expression and low
use of mechanisms).

Finally, some profiles, such as profile 5 and profile 1, did
not share a relationship,. That is, a person with a low level of
awareness of disease (with low use of mechanisms and modes
of expression) did not progress to a moderate level of awareness

Frontiers in Aging Neuroscience | www.frontiersin.org 4 January 2022 | Volume 13 | Article 78142643

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-781426 January 8, 2022 Time: 15:37 # 5

Mayelle et al. Weekly Trajectories of Awareness Profiles in AD

FIGURE 1 | Modeling of fluctuations in profiles of awareness by Markov chain. P, Profile; Mech, Mechanisms; Exp, Modes of expression. For ease of reading, the
connections are coded according to the probability of the transition (dashed < 0.2; normal < 0.4 and bold > 0.4), as are the font sizes of the coefficients. The
absence of a connection between two profiles is explained by the low occurrence or absence of a transition.

(with moderate use of modes of expression and a high level of use
of mechanisms), and vice versa.

Focus on Individual Weekly Fluctuations
in Awareness
It was possible to observe individual fluctuations for each of the
28 participants. Table 3 shows the profile assessed at the four
interview times for each resident and, in summary, their number
of profiles and number of transitions.

The main finding is the interindividual variability in the
evolution of awareness, with 24 distinct trajectories observed.

Complete stability (i.e., 0 transitions) was observed in six
participants (approximately 21% of the sample) in profiles 2–5.
In contrast, 6 participants switched at each interview among 2–4
profiles. The remaining 16 residents (57%) made one (n = 6) or
two (n = 10) transitions.

DISCUSSION

Research on awareness in AD provides information regarding
its heterogeneity and temporality. However, it does not allow
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TABLE 3 | Individual fluctuations for each of the participants in the four stages.

Participants Time 1 Time 2 Time 3 Time 4 Nb of
profiles

Nb of
changes

1 2 2 2 2 1 0

2 2 2 2 2 1 0

3 3 3 3 3 1 0

4 3 3 3 3 1 0

5 4 4 4 4 1 0

6 5 5 5 5 1 0

7 1 1 4 4 2 1

8 3 4 4 4 2 1

9 4 4 5 5 2 1

10 4 4 4 2 2 1

11 5 5 2 2 2 1

12 5 3 3 3 2 1

13 1 1 3 1 2 2

14 2 2 5 2 2 2

15 2 5 2 2 2 2

16 3 1 1 3 2 2

17 3 3 2 3 2 2

18 5 3 5 5 2 2

19 4 1 4 1 2 3

20 5 2 5 2 2 3

21 1 1 2 3 3 2

22 1 1 4 3 3 2

23 2 2 3 1 3 2

24 3 1 1 4 3 2

25 3 2 5 3 3 3

26 4 2 1 4 3 3

27 4 3 2 3 3 3

28 3 5 2 1 4 3

appreciation of the heterogeneity of the processes of awareness
(Mayelle et al., 2019, 2020) and daily fluctuations in awareness.
The first part of this work involved the observation of different
profiles of awareness characterized by the awareness of objects
and the presence of mechanisms and modes of expression. The
second part of this work involved the observation of weekly
fluctuations in these aspects.

We first hypothesized that profiles of awareness would range
from extremes (i.e., aware vs. unaware) to more mixed profiles.
We observed five different profiles, two of which indicated
complete awareness and lack of awareness. The other three
profiles differed mainly in terms of the use (i.e., frequency
and adaptation) of mechanisms and modes of expression of
awareness. Based on these results, we were able to confirm that
awareness in AD is heterogeneous, highlighting distinct levels of
awareness both in terms of objects (the “what”) and processes (the
“how”) that characterize the disease (Mayelle et al., 2020).

In the second part of the study, our results were consistent
with prior results, and they provide evidence of the non-linearity
of awareness (Lacerda et al., 2020). While we were able to show
that each participant exhibited a unique temporal trajectory
of fluctuation(s) in awareness, the analysis of the transitions
between the profiles revealed a number of trends. We observed

that the profiles of awareness tended to remain stable between
measurement times. However, the profiles could improve or
worsen for certain components (i.e., objects, mechanisms, and/or
modes of expression). Furthermore, while a high general level
of awareness could become very low in the short period
between measurements, a low level of awareness could not
become very high.

Similarly, we noted that the highest probability of change was
related to a slight improvement in the level of awareness of objects
and the presence of modes of expression. For this particular
fluctuation, we proposed three interpretations.

First, one perspective on this improvement is the concept
of the petrified self (Mograbi et al., 2009). It is possible that
when confronted with a mistake or criticism, a resident became
temporarily aware of his or her condition or its evolution.
However, the long-term integration of this new information
would fail, resulting in a return to a lower level of awareness at
the next interview.

Second, after returning to the interviews, we assumed that
this fluctuation was specifically linked to events and/or changes
in the environment and the participant’s daily life (e.g., a room
change). A person exhibits a specific profile of awareness that
is influenced by an environmental change. Once this change
becomes established, the person returns to the initial level,
which translates into a deficit followed by an improvement. This
interpretation particularly reflects changes in the integration and
rejection of the disease as characteristic of the self (Pearce et al.,
2002; Frazer et al., 2012). O’Shaughnessy et al. (2021) suggested
that people with severe AD may not demonstrate awareness, not
because they are unable to but rather because environmental
factors are not conducive to expressing awareness.

Third, the relevant interviews tended to highlight the influence
of the investigator and his or her attitude toward awareness.
When a person has disorganized speech, the practices of
reformulation, the verbalization of a thought, or the stimulation
of verbal exchanges appear to help him or her express him- or
herself in a more suitable and coherent manner, thereby restoring
meaning (Ducato et al., 2013). According to the ASDA (e.g.,
Table 1), this process can be translated, for example, into the
expression of changes with a self-description, the expression of
doubts about daily life and the future, or the expression of a need
for help. To best verify this effect, the ASDA could be made part of
an interventional protocol employing dignity therapy (Martínez
et al., 2017) or validation therapy (Neal and Barton Wright,
2003). These two approaches aim to support the person with AD
with caring verbal expression to encourage him or her to integrate
these events and give them meaning. A pre- and postintervention
ASDA evaluation of awareness could quantify the effect of others’
attitudes on awareness.

Our data allowed the modeling of fluctuations in awareness
of disease that have often been studied from the perspective
of patients’ relatives (Rozotte, 2001; Clare and Woods, 2005;
Walmsley and McCormack, 2017). The presentation of these
profiles and their possible fluctuations to health professionals
could allow these professionals to verbalize their daily experience
in care and help them understand the relative instability of
the patient’s perspective and therefore the need to repeat the
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interactions to understand the extent of that fluctuation. For
example, the implementation of the methodology employed in
the present study on a case-by-case basis in residential care
facilities could allow caregivers to understand and then adjust
to the reactions of people with AD while they provide support.
Indeed, caregivers evolve in a reality that differs from that of
the person with AD (Hertogh et al., 2004), and they can find
themselves powerless when confronted with a refusal of care
or only partial observance of treatment for which they do not
understand all of the underlying processes (Fischer et al., 2019).

However, increasing the sample size appears to be necessary
to reinforce the validation of the identified profiles of awareness.
Such an increase in the sample size would also allow more
clusters and hence more nuances in the profiles to be
identified. Furthermore, an increase in the sample size would
allow confirmation and increase the generalizability of the
possible trajectories observed. Although the sample reflects
the overrepresentation of women living in nursing homes,
an increase in the number of male participants would allow
verification of the impact of gender on awareness (Liu et al.,
2017) and the distribution of the profiles. Indeed, the limitations
of the study are linked mainly with the characterization of
the sample and the impact of these parameters on the profiles
of awareness and their possible fluctuations. As this was a
pilot study, we essentially collected data centered on awareness
without collecting information regarding education level, time
since diagnosis or time living in a nursing home, the severity
of the disease, neuropsychiatric symptoms (Yoon et al., 2017) or
personality (Rankin et al., 2005). Now that this study has shown
fluctuations in awareness, it is important to control, for example,
the cognitive profile of the participants to understand the role
played by these variables in the awareness profiles.

CONCLUSION

This study aimed to understand the awareness of self and disease
in people with AD by adopting a perspective based on profiles

rather than a single score. These profiles were studied on the
basis of their fluctuations from a restricted temporal perspective.
Multiple profiles and trajectories were identified, illustrating
inter- and intraindividual variability in awareness. These results
confirm the need to focus on the subjective experience of
the person with assessment intervals that closely reflect his
or her daily life.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethics Committee of the University of Lille
(2018-267-S58). The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

AM and PA were responsible for the conception and design of
the study and responsible for the drafting of the manuscript. AM,
CH, MEH, DM, and PA contributed to the collection and analysis
of data. All authors critically revised the draft and approved
the final version.

FUNDING

This work was supported by the LABEX (Excellence Laboratory,
Program Investment for the Future), DISTALZ (Development
of Innovative Strategies for a Transdisciplinary Approach to
Alzheimer’s disease), and the regional council of Hauts-de-
France.

REFERENCES
Aalten, P., van Valen, E., de Vugt, M. E., Lousberg, R., Jolles, J., and Verhey, F.

(2006). Awareness and behavioral problems in dementia patients: a prospective
study. Int. Psychogeriatr. 18, 3–17. doi: 10.1017/S1041610205002772

Avondino, E., and Antoine, P. (2015). Heterogeneity of cognitive anosognosia and
its variation with the severity of dementia in patients with Alzheimer’s disease.
J. Alzheimer Dis. 50, 89–99. doi: 10.3233/JAD-150496

Baptista, M. A. T., Santos, R. L., Kimura, N., Marinho, V., Simões, J. P., Laks, J.,
et al. (2019). Differences in awareness of disease between young-onset and late-
onset dementia. Alzheimer. Dis. Assoc. Disord. 33, 129–135. doi: 10.1097/WAD.
0000000000000299

Clare, L. (2010). Awareness in people with severe dementia: review and integration.
Aging Ment. Health 14, 20–32. doi: 10.1080/13607860903421029

Clare, L., and Wilson, B. A. (2006). Longitudinal assessment of awareness in
early-stage Alzheimer’s disease using comparable questionnaire-based and
performance-based measures: a prospective one-year follow-up study. Aging.
Ment. Health 10, 156–165. doi: 10.1080/13607860500311888

Clare, L., and Woods, B. (2005). Awareness in dementia: a subject for scrutiny.
Aging Ment. Health 9, 384–385. doi: 10.1080/13607860500142887

Conde-Sala, J. L., Reñé-Ramírez, R., Turró-Garriga, O., Gascón-Bayarri, J.,
Campdelacreu-Fumadó, J., Juncadella-Puig, M., et al. (2014). Severity of
dementia, anosognosia, and depression in relation to the quality of life
of patients with Alzheimer disease: discrepancies between patients and
caregivers. Am. J. Geriatr. Psychiatry 22, 138–147. doi: 10.1016/j.jagp.2012.
07.001

Dourado, M., Marinho, V., Soares, C., Engelhardt, E., and Laks, J. (2007).
Awareness of disease in dementia development of a multidimensional rating
scale. Dement Neuropsychol. 1, 74–80.

Dourado, M., Sousa, M. F. B., Santos, R. L., Neto, S., Nogueira, P. J., Belfort,
M. L., et al. (2016). Quality of life in mild dementia: patterns of change in
self and caregiver ratings over time. Rev. Bras. Psiquiatr. 38, 294–300. doi:
10.1590/1516-4446-2014-1642

Ducato, M.-G., Tabard, F., and Barbaroux, É (2013). Description du
fonctionnement d’une unité Alzheimer en EHPAD. NPG Neurol. Psychiatr.
Gériatr. 13, 210–216. doi: 10.1016/j.npg.2013.01.007

Fischer, A., Landeira-Fernandez, J., Sollero de Campos, F., and Mograbi,
D. C. (2019). Empathy in Alzheimer’s Disease: review of findings and
proposed model. J. Alzheimers. Dis. 69, 921–933. doi: 10.3233/JAD-18
0730

Frontiers in Aging Neuroscience | www.frontiersin.org 7 January 2022 | Volume 13 | Article 78142646

https://doi.org/10.1017/S1041610205002772
https://doi.org/10.3233/JAD-150496
https://doi.org/10.1097/WAD.0000000000000299
https://doi.org/10.1097/WAD.0000000000000299
https://doi.org/10.1080/13607860903421029
https://doi.org/10.1080/13607860500311888
https://doi.org/10.1080/13607860500142887
https://doi.org/10.1016/j.jagp.2012.07.001
https://doi.org/10.1016/j.jagp.2012.07.001
https://doi.org/10.1590/1516-4446-2014-1642
https://doi.org/10.1590/1516-4446-2014-1642
https://doi.org/10.1016/j.npg.2013.01.007
https://doi.org/10.3233/JAD-180730
https://doi.org/10.3233/JAD-180730
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-13-781426 January 8, 2022 Time: 15:37 # 8

Mayelle et al. Weekly Trajectories of Awareness Profiles in AD

Folstein, M. F., Folstein, S. E., and McHugh, P. R. (1975). Mini-mental state: a
practical method for grading the cognitive state of patients for the clinician.
J. Psychiatr Res. 12, 189–198. doi: 10.1016/0022-3956(75)90026-6

Frazer, S. M., Oyebode, J. R., and Cleary, A. (2012). How older women
who live alone with dementia make sense of their experiences: an
interpretative phenomenological analysis. Dementia 11, 677–693. doi: 10.1177/
1471301211419018

Hanseeuw, B. J., Scott, M. R., Sikkes, S. A. M., Properzi, M., Gatchel, J. R.,
Salmon, E., et al. (2020). Evolution of anosognosia in alzheimer’s disease
and its relationship to amyloid. Ann. Neurol. 87, 267–280. doi: 10.1002/ana.2
5649

Hertogh, C. M. P. M., Anne Mei The, B., Miesen, B. M. L., and Eefsting, J. A. (2004).
Truth telling and truthfulness in the care for patients with advanced dementia:
an ethnographic study in Dutch nursing homes. Soc. Sci. Med. 59, 1685–1693.
doi: 10.1016/j.socscimed.2004.02.015

Lacerda, I. B., Santos, R. L., Belfort, T., Neto, J. P. S., and Dourado, M. (2020).
Patterns of discrepancies in different objects of awareness in mild and moderate
Alzheimer’s disease. Aging Ment. Health 24, 789–796. doi: 10.1080/13607863.
2018.1544219

Lacerda, I. B., Santos, R. L., Belfort, T., Neto, J., and Dourado, M. (2018).
Patterns of discrepancies in different objects of awareness in mild and moderate
Alzheimer’s disease. Aging Ment. Health 24, 789–796.

Liu, J., Abdin, E., Vaingankar, J. A., Shafie, S. B., Jeyagurunathan, A., Shahwan,
S., et al. (2017). The relationship among unawareness of memory impairment,
depression, and dementia in older adults with memory impairment in
Singapore. Psychogeriatrics 17, 430–438. doi: 10.1111/psyg.12270

Maki, Y., Amari, M., Yamaguchi, T., Nakaaki, S., and Yamaguchi, H. (2012).
Anosognosia: patients’ distress and self-awareness of deficits in Alzheimer’s
disease. Am. J. Alzheimers Dis. Other Demen. 27, 339–345. doi: 10.1177/
1533317512452039

Markova, I. S., Clare, L., Whitaker, C. J., Roth, I., Nelis, S. M., Martyr, A.,
et al. (2014). Phenomena of awareness in dementia: heterogeneity and
its implications. Conscious Cogn. 25, 17–26. doi: 10.1016/j.concog.2014.
01.008

Martínez, M., Arantzamendi, M., Belar, A., Carrasco, J. M., Carvajal, A., Rullán,
M., et al. (2017). ‘Dignity therapy’, a promising intervention in palliative care:
a comprehensive systematic literature review. Palliat. Med. 31, 492–509. doi:
10.1177/0269216316665562

Mayelle, A., El Haj, M., and Antoine, P. (2019). Awareness of Self and disease
assessment: development and validation of a subjective measure in people with
Alzheimer’s disease. J. Alzheimers Dis. 71, 841–850. doi: 10.3233/JAD-190371

Mayelle, A., El Haj, M., and Antoine, P. (2020). “What” and “How”:
a new perspective for understanding unawareness in Alzheimer’s
disease through a combination of two perspectives. Am. J. Alzheimers
Dis. Other Dem. 35:1533317520925333. doi: 10.1177/153331752092
5333

McDaniel, K. D., Edland, S. D., and Heyman, A. (1995). Relationship between
level of insight and severity of dementia in Alzheimer disease. CERAD
clinical investigators. Consortium to establish a registry for Alzheimer’s disease.
Alzheimer Dis. Assoc. Disord. 9, 101–104. doi: 10.1097/00002093-199509020-
00007

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R., and
Kawas, C. H. (2011). The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the national institute on aging-Alzheimer’s association
workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers
Dement 7, 263–269. doi: 10.1016/j.jalz.2011.03.005

Mograbi, D. C., and Morris, R. (2018). Anosognosia. Cortex 103, 385–386. doi:
10.1016/j.cortex.2018.04.001

Mograbi, D. C., Brown, R. G., and Morris, R. G. (2009). Anosognosia in Alzheimer’s
disease — the petrified self. Conscious Cogn. 18, 989–1003. doi: 10.1016/j.
concog.2009.07.005

Mograbi, D. C., Brown, R. G., Salas, C., and Morris, R. G. (2012). Emotional
reactivity and awareness of task performance in Alzheimer’s disease.
Neuropsychologia 50, 2075–2084. doi: 10.1016/j.neuropsychologia.2012.05.008

Neal, M., and Barton Wright, P. (2003). Validation therapy for dementia. Cochr.
Database Syst Rev. 3:CD001394. doi: 10.1002/14651858.CD001394

O’Shaughnessy, N. J., Chan, J. E., Bhome, R., Gallagher, P., Zhang, H., Clare, L.,
et al. (2021). Awareness in severe Alzheimer’s disease: a systematic review.Aging
Mental Health 25, 602–612. doi: 10.1080/13607863.2020.1711859

Pearce, A., Clare, L., and Pistrang, N. (2002). Managing Sense of Self: Coping
in the early stages of Alzheimer’s disease. Dementia 1, 173–192. doi: 10.1177/
147130120200100205

Rankin, K. P., Baldwin, E., Pace-Savitsky, C., Kramer, J. H., and Miller, B. L.
(2005). Self awareness and personality change in dementia. J. Neurol. Neurosurg.
Psychiatry 76, 632–639. doi: 10.1136/jnnp.2004.042879

Rozotte, C. (2001). Le concept de conscience au cśur des représentations sociales de
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Introduction: Loss of awareness is a common symptom in Alzheimer’s Disease (AD) and

responsible for a significant loss of functional abilities. The mechanisms underlying loss of

awareness in AD is unknown, although previous findings have implicated dysfunction of

primary executive functioning (EF) or episodic memory (EM) to be the cause. Therefore,

our main study objective was to explore the involvement of EF and EM dysfunction in

amyloid-related loss of awareness across the clinical spectrum of AD.

Methods: A total of 895 participants (362 clinically normal [CN], 422 people with

mild cognitive impairment [MCI] and 111 with dementia) from the Alzheimer’s Disease

Neuroimaging Initiative were used for the analyses. A sub-analysis was performed in 202

participants who progressed in their clinical diagnosis fromCN toMCI or MCI to dementia

as well as dementia patients. Mediation models were used in each clinical group with

awareness (assessedwith the Everyday Cognitive function questionnaire) as a dependent

variable to determine whether EF and/or EM would mediate the effect of amyloid on

awareness. We also ran these analyses with subjective and informant complaints as

dependent variables. Direct correlations between all variables were also performed.

Results: We found evidence for a decline in awareness across the groups, with

increased awareness observed in the CN group and decreased awareness observed

in the MCI and dementia groups. Our results showed that EM, and not EF, partially

mediated the relationship between amyloid and awareness such that greater amyloid

and lower EM performance was associated with lower awareness. When analyzing

each group separately, this finding was only observed in the MCI group and in the

group containing progressors and dementia patients. When repeating the analyses for

subjective and informant complaints separately, the results were replicated only for the

informant’s complaints.

Discussion: Our results demonstrate that decline in EM and, to a lesser degree, EF,

mediate the effect of amyloid on awareness. In line with previous studies demonstrating

the development of anosognosia in the prodromal stage, our findings suggest that

decreased awareness is the result of an inability for the participant to update his/her

insight into his/her cognitive performance (i.e., demonstrating a petrified self).

Keywords: awareness, episodic memory, executive functions, amyloid, Alzheimer’s disease
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1. INTRODUCTION

Alzheimer’s Disease (AD) is characterized by a specific pattern of
brain pathology and cognitive impairment sufficient to interfere
with functional activities of daily living (ADL) (Sperling et al.,
2011; Dubois et al., 2016; Jack et al., 2018). Within the past
decades, research made it possible to detect some biomarkers
associated to AD (e.g., using brain imaging, blood sample, or
genetic analyses). Two pathological hallmarks of AD, amyloid
and tau (Braak and Braak, 1991; Braak et al., 2006), have
been shown to accumulate, following a topographic sequence
that can be related to the cognitive phenotype (Bejanin et al.,
2017). Numerous neuroimaging studies have demonstrated that
the accumulation of these pathologies begins decades before
cognitive decline, and hence before a clinical diagnosis of AD
can be made (Jansen et al., 2015; Ossenkoppele et al., 2015).
It has been argued that pathology, occurring as early as the
preclinical stage, is the cause of subtle cognitive impairments
(Amieva et al., 2008, 2014; Baker et al., 2017; Zhao et al., 2018)
primarily in executive functioning (EF) and episodic memory
(EM) (Amieva et al., 2008, 2014; Hedden et al., 2013; Zhao
et al., 2018). Of these, EF is defined as an assembly of cognitive
processes that allows the person to perform an untrained goal-
directed task that may involve both planning and inhibition of
automatic behaviors (Lezak, 1982; Norman and Shallice, 1986;
Miyake et al., 2000; Godefroy et al., 2010). Biologically, EF has
primarily been associated with the integrity of frontal regions
(Godefroy et al., 2010; Bettcher et al., 2016; Guarino et al., 2019).
In contrast, EM is defined as a person’s capacity to acquire
and recall information associated with a temporo-spatial, and
potentially affective (although this later is not always necessary),
context (Tulving, 1972, 1985; Eustache and Desgranges, 2008).
Being one of the core clinical symptoms at the AD dementia stage
(Dubois et al., 2014), EM dysfunction has been demonstrated
to show a strong relationship with pathology, especially in the
medial temporal lobe (MTL) regions (Bejanin et al., 2017; Maass
et al., 2018; Lowe et al., 2019). Although both EF (Elias et al.,
2000; Baudic et al., 2006; Amieva et al., 2008, 2014; Marshall
et al., 2011) and EM (Elias et al., 2000; Grober et al., 2000;
Grober, 2008; Hedden et al., 2013) are impaired early in AD,
some studies suggest that impairments in EM are a better
and/or earlier predictor of prospective AD (Binetti et al., 1996;
Derby et al., 2013; Burnham et al., 2016; Schindler et al., 2017).
Moreover, declining EM and EF have been shown to significantly
impair activities of daily living (ADL) by themselves (Marshall
et al., 2011), but decline in these processes have also been
associated with secondary impact in other cognitive domains.
Importantly, it has been argued that a decline in these two
processes could have an impact on an individual’s self-referential
processing, i.e., the awareness of our own cognitive abilities
(Hannesdottir and Morris, 2007). However, the cause of changes
in self-awareness, and especially the involvement of EF and
EM dysfunction in loss of awareness across the AD spectrum,
is unknown.

The prevalence of patients demonstrating loss of awareness
(a.k.a., anosognosia) has been shown to increase along with
the clinical progression of AD, with reported rates of 20 to

80% at the dementia stage (Starkstein, 2014). First used to
describe two patients who, after a stroke, were unaware of their
hemiplegia (Babinski, 1914), the concept of unawareness is now
being applied more broadly. That is, although the circumstances
may vary (Orfei et al., 2008), anosognosia is often used to
describe a lack of awareness for a cognitive, behavioral or
functional impairment (Weiler et al., 2016; Mograbi and Morris,
2018). Moreover, previous studies have proposed the existence
of two types of anosognosia (Hannesdottir and Morris, 2007):
primary anosognosia, which is described as an impairment of
metacognitive processes and the inability for the individual to
build a representation of oneself, and secondary anosognosia,
which is the consequence of a decline in either EF or EM. In the
first case, individuals would fail to either recognize or take into
account their failures, while in the latter they would not be able to
maintain the memory of such failures. Both incapacities prevent
the individual from updating his/her own representations of
cognitive functioning. In the case of EM impairment, this has led
to the notion of a “petrified self,” indicating that the individual
is relying on outdated information to create this representation
(Mograbi et al., 2009; Morris and Mograbi, 2013).

Although anosognosia is very common at the clinical stage
of AD, recent studies have shown that awareness starts to
change even before the AD dementia stage (Folstein et al., 1975;
Cacciamani et al., 2017, 2020). Previous research has shown
that some individuals may demonstrate heightened awareness
of subtle cognitive changes at the preclinical stage, with a
subsequent decline of awareness as the individual moves along
the AD trajectory (Vannini et al., 2017a, 2020; Hanseeuw et al.,
2020). Additionally, recent studies have suggested that loss of
awareness may be present in the predementia stages of AD, e.g.,
in the prodromal (Perrotin et al., 2015; Vannini et al., 2017c;
Edmonds et al., 2018; Munro et al., 2018; Therriault et al., 2018)
and even preclinical stages (Folstein et al., 1975; Cacciamani et al.,
2017; Vannini et al., 2017b). Longitudinal studies have further
demonstrated that anosognosia starts to develop approximately
3-4 years before a clinical diagnosis of AD dementia can be
made (Wilson et al., 2015; Hanseeuw et al., 2020). Furthermore,
there is now evidence suggesting that loss of awareness is related
to the accumulation of biomarkers of AD (Cacciamani et al.,
2017; Gagliardi et al., 2020, 2021). Awareness has indeed been
studied in relation to brain metabolism, functional connectivity,
tau, and amyloid accumulation. Loss of awareness in AD has
been shown to relate to brain hypometabolism (Starkstein, 2014),
even at a preclinical stage (Cacciamani et al., 2017). Similarly,
some authors have showed that anosognosia in AD could be
associated with dysfunction of some brain regions (i.e., frontal
and temporo-parietal), as well as the functional connectivity
between these brain regions (Perrotin et al., 2015; Vannini et al.,
2017b,c). In addition, a recent study showed that unawareness
was related to tau burden—as measured with flortaucipir PET
marker—in the medial temporal region (Gagliardi et al., 2021).
Amyloid burden has significantly been found to be associated
with changes in awareness over the course of AD, either through
a phenomenon of heightened (Visser et al., 2009; Perrotin
et al., 2012) or reduced (Cacciamani et al., 2017; Vannini et al.,
2017a, 2020; Therriault et al., 2018; Gagliardi et al., 2020, 2021;
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Hanseeuw et al., 2020) awareness. This relationship with amyloid
could indicate that loss of awareness might be specific to AD.
Additionally, some authors also found a relationship between
anosognosia and brain connectivity in theDefaultModeNetwork
(DMN) (Mondragón et al., 2019, 2021). It is important to note
that some authors showed that amyloid and tau accumulation
patterns in the brain overlapped with the DMN (Wang et al.,
2013). This allows us to hypothesize that an increasing brain
pathology in these regions might affect their functioning and lead
to loss of awareness and other cognitive functions, such as EF and
EM (Greicius et al., 2004; Hedden et al., 2009; Sheline et al., 2010;
Mormino et al., 2011; Brier et al., 2012).

However, it is still not clear if and how a deficit in EM
or EF is related to changes in awareness in AD. Specifically,
it is unknown whether a deficit in EF or EM mediates the
AD pathology-related changes in awareness in a population
comprised of cognitively normal (CN) individuals, those with
a mild cognitive impairment (MCI), or those with a dementia
diagnosis. Several methods have been validated to assess
awareness in AD (Clare et al., 2011; Starkstein, 2014; Tondelli
et al., 2018), such as clinical judgment by an examiner or
the comparison between a subjective and an external measure.
One of the most commonly used methods is to compare the
subject’s perception of his/her impairment with the informant’s
perception (Cacciamani et al., 2017, 2020; Hanseeuw et al.,
2020; Vannini et al., 2020). Loss of awareness would then be
defined as the informant complaining more than the subject.
Using this approach, the current study attempts to determine
the proportion of amyloid-related loss of awareness that can
be explained by is EF and EM variations along the clinical AD
spectrum (from the preclinical to dementia stage). Following
the concept of secondary anosognosia and considering the early
changes of awareness, EF, and EM, we hypothesize that loss
of awareness is—at least partly—mediated by impairment of
these cognitive domains, even in early stages of the disease.
Additionally, given the previous observations of a decline in
awareness as the disease progresses, we hypothesize that a
decrease in awareness would be the result of the informant’s
complaint increasing as the participant’s objective performance
decline. To explore this hypothesis, the same models as for
awareness were applied separately to the complaints of both
participants and their informants.

2. MATERIALS AND METHODS

2.1. Population
Data used in the preparation of this article were obtained from
the Alzheimer’s Disease Neuroimaging Initiative (ADNI)
database (adni.loni.usc.edu). The ADNI is an ongoing,
longitudinal, multicenter study conducted at 59 sites across
North America, enrolling CN, amnestic MCI, and AD
participants aged 55 to 94 years. The ADNI was launched
in 2003 as a public-private partnership, led by Principal
Investigator Michael W. Weiner, MD. The primary goal of
ADNI has been to test whether serial magnetic resonance
imaging (MRI), PET, other biological markers, and clinical and
neuropsychological assessments can be combined to measure the

progression of MCI and early AD. For up-to-date information,
see www.adni-info.org.

In total, 902 participants were included in this study. Inclusion
criteria included having a positron emission tomography (PET)
scan data using a 18F − AV45 tracer for brain amyloidosis,
subjective and objective cognitive measures (see infra), as well
as an available clinical diagnosis. Using the clinical diagnosis,
we further subdivided the sample into 362 CN participants, 429
with MCI and 111 with a dementia diagnosis. Demographic
characteristics are summarized in Table 1.

We also defined a group of participants that could be
considered to be in the Alzheimer spectrum, i.e., participants who
progressed in their clinical diagnosis from CN to MCI (N = 27)
or MCI to dementia (N = 64), as well as dementia patients (N =

111). This group will be referred to as the “progressors” group.

2.2. Cognitive Measures
All participants underwent a comprehensive neuropsychological
assessment. Among the different tests available, we selected the
Mini-Mental State Examination (MMSE) (Folstein et al., 1975),
Trail Making Test (TMT) (Reitan, 1958), and Logical Memory
(LM) (Wechsler, 1987). The MMSE was used to provide a
measure of global cognitive functioning. The time difference of
TMT parts A and B was used as a measure of EF, as done in
previous research (Godefroy et al., 2010; Correia et al., 2015;
Ritchie et al., 2017). This test is recommended for preclinical AD
studies (Ritchie et al., 2017) and has been shown to distinguish
between CN participants with and without significant levels of
amyloid pathology (Doherty et al., 2015; Dubois et al., 2018).
For EM, we used the delayed score of LM (LM-II), widely
used in AD continuum research and proven to be sensitive,
even at preclinical stages, to biomarker accumulation (Ritchie
et al., 2017). Both tests are among the most-used measures
in AD studies (Epelbaum et al., 2017) and have been used in
previous studies examining awareness Starkstein (2014); Vannini
et al. (2017a); Hanseeuw et al. (2020); Cacciamani et al. (2020);
Gagliardi et al. (2020).

2.3. Awareness of memory
The Everyday cognition (ECog) scale (Farias et al., 2008) was used
to assess awareness. The ECog scale is a 39-item questionnaire
in which the participant and informant are asked identical
questions to estimate the participant’s current level of cognitive
functioning as compared to 10 years ago. The responses are
measured on a Likert scale from 1 (“Better or no change”)
to 4 (“Consistently much Worse,”) where a higher ECog score
indicates a perceived decline in cognition. The questionnaire
consists of 6 domain-specific subscales, including Memory,
Language, Visuospatial Abilities, Planning, Organization, and
Divided Attention. A total score of cognitive complaint is also
computed. In order to measure awareness, we computed an
awareness index defined as the discrepancy score between the
total scores of the participant and informant reports. Using this
index, a negative score would indicate that the participant is
overestimating his/her capacities as compared to the informant’s
appraisal (i.e., unawareness), whereas a positive score would
indicate that the participant is underestimating his/her capacities

Frontiers in Aging Neuroscience | www.frontiersin.org 3 January 2022 | Volume 13 | Article 80250150

https://adni.loni.usc.edu
http://www.adni-info.org
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/aging-neuroscience#articles


Gagliardi and Vannini Memory and Awareness in AD

TABLE 1 | Demographic data and group comparisons.

Variables All CN MCI Dementia

N 902 362 429 111

Gender 0 (0 %) 0 (0 %) 0 (0 %) a** 0 (0 %) a**

Race 829 White (91.91 %) 328 White (90.61 %) 401 White (93.47 %) 100 White (90.09 %)

Ethnicity 859 Not Hisp/Latino (95.23 %) 341 Not Hisp/Latino (94.2 %) 413 Not Hisp/Latino (96.27 %) 105 Not Hisp/Latino (94.59 %)

Age 72.28 (7.08) 72.17 (6.32) 71.73 (7.34) 74.81 (7.84) a** b**

Education (Years) 16.4 (2.58) 16.75 (2.52) 16.22 (2.61) a** 15.98 (2.58) a**

MMSE (/30) 27.92 (2.39) 29.08 (1.17) 28.17 (1.67) a** 23.21 (2.04) a** b**

TMT B-A (Time in s.) 66.87 (54.23) 47.08 (35.13) 66.9 (48.28) a** 131.34 (74.04) a** b**

Logical Memory (Delayed Recall) 8.97 (5.06) 13.34 (3.21) 7.25 (3.18) a** 1.35 (1.85) a** b**

Amyloid (AV45 PET SUVr) 1.19 (0.22) 1.11 (0.17) 1.21 (0.23) a** 1.39 (0.22) a** b**

ECog - Self 1.64 (0.51) 1.38 (0.33) 1.81 (0.53) a** 1.85 (0.54) a**

ECog - Informant 1.62 (0.68) 1.19 (0.28) 1.7 (0.59) a** 2.71 (0.63) a** b**

Awareness (S vs I) 0.02 (0.68) 0.19 (0.34) 0.11 (0.7) a* -0.86 (0.79) a** b**

CN = Cognitively Normal, MCI = Mild Cognitive Impairment, MMSE = Mini-Mental State Examination, TMT = Trail Making Test, ECog = Everyday Cognition questionnaire, PET =

positron emission tomography, SUVr = standard uptake value ratio, a = vs. CN, b = vs. MCI = p < 0.07, * = p < 0.05, ** = p < 0.01, *** = p < 0.001.

as compared to the informant’s appraisal (i.e., heightened
awareness) (Vannini et al., 2017a, 2020; Hanseeuw et al., 2020).
A score of 0 would indicate a perfect match between participant
and informant complaints.

2.4. Imaging
Florbetapir (18F − AV45) PET tracer was used to measure brain
amyloidosis.We used a global standard uptake value ratio (SUVr)
computed using the whole cerebellum as a reference region.
Amyloid was used as a continuous measure in all analyses.
The details of the materials and methods related to florbetapir
imaging have been described in Landau et colleagues (Landau
et al., 2013).

2.5. Statistical Analyses
T-tests and chi-squared tests were used to compare continuous
and categorical variables between the three clinical groups
(i.e., CN, MCI, and Dementia). The relationship between our
dependent and independent variables were explored using two
main methods.

First, Pearson correlations were performed between awareness
and TMT B-A, LM-II and amyloid within the whole sample and
in the separate clinical groups. This analysis was performed to
determine whether direct relationships between our dependent
and independent variables existed in our whole sample and/or
in our subgroups. This aimed to support the interpretation
of potential relationships observed in the subsequent models.
Second, linear regression models were also performed to
explore the same relationships, taking into account demographic
variables (see supplementary materials).

A model-based causal mediation analyses using a causal
inference analysis approach (Imai et al., 2010) was used to
investigate whether memory or executive function mediates
the relationship between amyloid and awareness. Specifically,
mediation analyses were performed on the whole sample, in
the sub-group that contained progressors and dementia patients,

and in each clinical group, using the awareness index as the
dependent variable, amyloid as the independent variable, and
cognition (either TMT B-A for EF, or LM-II for EM) as
the mediator. Demographics (i.e., age, gender, and education)
were included as covariates in all models. Both total, direct
and mediated effects were calculated. Mediation models were
computed using the mediation R package (Tingley et al.,
2014). Standard errors were estimated using a quasi-Bayesian
Monte-Carlo method based on normal approximation (Imai
et al., 2010) with 1,000 iterations. All presented p-values
were corrected for multiple comparisons using the Benjamin-
Hochberg method. The models looking at the three clinical
groups (CN, MCI, Dementia) were corrected for 9 comparisons
(i.e., 3 groups and 3 conditions—awareness, informant, subject).
The models looking at the Whole Sample and progressors group
for 6 comparisons (2 groups and 3 conditions). All statistical
analyses were performed using R 3.6.3 (https://www.R-project.
org/).

3. RESULTS

3.1. Group Comparisons
The sample consisted of 362 clinically normal and 540 clinically
impaired individuals (429 of which had MCI diagnosis and
111 diagnosed with dementia; see Table 1). As compared to
CN participants, clinically impaired participants demonstrated
a lower proportion of females as well as fewer years of
education (mean years; both p < 0.01). Although no significant
difference was observed between CN and MCI groups,
participants diagnosed with dementia were significantly older
those in both the CN and MCI groups (both p < 0.01).
Group comparisons revealed that CN individuals showed
better cognitive performance than MCI participants who,
in turn, performed better than the dementia group (all p
< 0.01). Group comparisons further revealed that dementia
patients demonstrated significantly increased amyloid burden as
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compared to MCI participants who, in turn, had significantly
greater amyloid burden than CN participants (all p < 0.01).
Regarding awareness, CN participants demonstrated greater
levels of awareness as compared to the MCI group who, in turn,
exhibited significantly higher scores than the dementia group (all
p < 0.01). We observed that the informant complaints were at a
lower level in the CN group as compared to MCI, and in the MCI
group as compared to the dementia group (all p < 0.01). Finally,
CN participants demonstrated lower subjective complaints than
the MCI and the dementia groups (both p < 0.01). However,
MCI participants and those diagnosed with dementia exhibited
the same level of subjective complaints (p > 0.05).

3.2. Simple Correlations
All correlations are presented in Figure 1. When using the
whole sample, the correlation analyses revealed weak negative
significant associations between awareness and TMT B-A as well
as between awareness and amyloid SUVr. A moderate positive
significant association was found between awareness and LM-
II (all p<0.001). When looking at the groups separately, the
same pattern was observed in the MCI group for LM-II (r =
0.25, p<0.001) and amyloid SUVr (r=-0.23, p<0.001), but non-
significant relationships were observed in the other groups. No
significant correlations were observed for TMT B-A in any
of the clinical groups. The linear regression models showed
similar results for EM and amyloid (see Supplementary Table

and Supplementary Figures 2, 3). However, when adding
demographics and diagnosis as covariates, TMT B-A was no
longer significant in the whole sample (see Supplementary Table

and Figure 1).

3.3. Mediation Models
Mediation models were performed to assess the influence of
cognitive performance (episodic memory or executive function)
on the relationship between amyloid and awareness, as well as
the separate levels of complaint in informants and participants.
In each model, the indirect effect was tested using bootstrapping
procedures with 1,000 iterations.

3.3.1. Mediation Models Investigating Whether EM or

EF Mediates the Association Between Amyloid and

Awareness
For the whole sample, the effect of amyloid on awareness was
partially mediated by cognition—both EM and EF (Figure 2Ai).
A significant direct effect between amyloid and awareness was
observed (β= -0.798; CI 95%= -1, -0.57; p<0.001) in that
increased amyloid burden was related to a lower awareness score.
Both EM and EF analyses demonstrated significant indirect effect
(both p<0.001), with the unstandardized indirect effect equaling
-0.657 (CI 95%= 0.083, 0.325; p<0.001) for TMT B-A and -
0.421 (CI 95%= 0.338, 0.701; p<0.001) for LM-II. While no
significant direct effect of amyloid was observed on awareness,
in the “progressors” group (Figure 2Bi), we found a significant
indirect effect of EM (β= −0.27; CI 95% = 0.049, 2.664; p >
0.05), but not of EF (unstandardized indirect effect β= −0.499;
CI 95% = −0.175, 0.886; p > 0.05). When looking at each
clinical group separately, this pattern was not observed for all

groups (see Figure 3i). That is, no significant relationships, either
direct or indirect, were found between amyloid and awareness
in the CN or Dementia groups. However, in the MCI group, we
found that LM-II partially mediated the effect between amyloid
and awareness. That is, similarly to in the whole sample, this
model displayed a significant direct effect between amyloid and
awareness (β= −0.668; CI 95%= −0.998, −0.349; p < 0.001) as
well as a significant indirect effect mediated by the LM-II delayed
score (β= −0.199; CI 95%= −0.351, −0.083; p < 0.001). No
significant indirect effect was observed for TMT B-A.

3.3.2. Mediation Models Investigating Whether EM or

EF Mediates the Association Between Amyloid and

Complaints
We also computed models using complaints from the participant
(ii in Figures 2, 3) as well as their informant (iii in Figures 2, 3).
Similar to the awareness index, results using the whole sample
demonstrated partial mediation between amyloid and complaints
(subjective and informant) with both executive and memory
measures. Interestingly, when looking at these relationships in
the groups separately, different patterns were observed. Models
assessing participant complaints did not show any significant
relationship, either direct or indirect, between amyloid and
complaint after correction for multiple comparisons in any group
(CN, MCI, Dementia, and “progressors”). Models predicting the
informant’s complaint in CN and Dementia participants did not
show any significant associations. In the MCI group (Figure 3iii)
a significant direct relationship was found such that a greater
amyloid burden was related to increased informant complaints
(β = 0.819; CI 95% = 0.572, 1.048; p < 0.001). No indirect
effect was observed for executive functioning, although amyloid
SUVr significantly predicted TMT B-A performance (β = 29.274,
p < 0.05). However, a significant indirect effect was found for
LM-II delayed score (β = 0.603; CI 95% = 0.341, 0.863; p <
0.001), indicating that it mediated the effect between amyloid and
informant complaints in the MCI participants. The “progressors”
group showed the same pattern as in the MCI model, with a
significant direct effect of amyloid on the informant’s complaint,
as well as a significant indirect effect in EM (β =−0.27; CI 95% =
0.049, 2.664; p < 0.05) but not in EF (p > 0.05).

4. DISCUSSION

The current study investigated whether episodic memory
and/or executive function mediates the relationship between
amyloid and awareness in individuals across the AD spectrum,
from preclinical to dementia stages. In the whole group,
episodic memory and executive function partially mediated the
associations between amyloid and awareness, such that greater
amyloidosis was related to less cognitive efficiency, which in
turn negatively impacted awareness. However, when looking at
each group separately, we could only observe this mediation
effect in the MCI group. When looking at the subjective
and informant complaints separately, we found that episodic
memory partially mediated the associations between amyloid
and informants’ complaints, with greater amyloidosis being
related to less cognitive efficiency and increased complaints
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FIGURE 1 | Correlations between awareness and TMT B-A, Logical memory delayed score and amyloid. Notes: The figure presents the Pearson correlation

coefficient for the relationship between awareness and cognition (Trail Making Test B-A for executive function and Logical Memory’s delayed recall for episodic

memory) as well as amyloid (SUVr). The top line presents the correlations for the whole sample while the bottom line displays clinical groups correlations. Three clinical

groups are represented, i.e., Cognitively Normal (CN), Mild Cognitive Impairment (MCI), and participants diagnosed with Dementia.

by the informant. When analyzing the participants who
either progressed or had a diagnosis of dementia, we also
found that EM partially mediated the relationship between
amyloid and awareness as well as informant complaints. All
other mediation models were non-significant. These findings
suggest that decreased awareness may be the result of an
inability for the participant to update his/her insight of
his/her cognitive performance (i.e., demonstrating a petrified
self) and further suggests the impairment is happening in
the prodromal stage. Furthermore, given the association with
amyloid, these findings also suggest that this decline may be
specific to AD.

The demographics varied across our three clinical groups.
That is, the clinically normal group contained more females as
compared to the impaired participants (i.e., MCI and Dementia
groups). These results differ from the literature, as previous
studies often report greater numbers of females in impaired
samples (Dubois et al., 2016; Livingston et al., 2020). However,
in line with previous studies, we found that our clinically
impaired participants were less educated and older as compared
to the clinically normal group. They also performed less well on

cognitive tasks (with CN performing better than MCI and MCI
performing better than the dementia group). Finally, dementia
participants demonstrated higher amyloid burden as compared
to MCI participants who, in turn, had higher amyloid burden as
compared to the CN participants.

Looking at our awareness index, we found an increasing
discordance between informant vs. participant complaint scores
across the clinical stages. This suggests the progressive loss of
awareness across the AD spectrum which has been shown in
previous studies (Wilson et al., 2015; Hanseeuw et al., 2020).
Looking more in detail, the awareness index was the highest
in the CN group, suggesting heightened awareness, whereas it
declined in the MCI group and further dropped in the Dementia
group. These results could be interpreted in the sense that mean
anosognosia appears progressively over the course of the disease
and is preceded by a period of heightened awareness (or hyper-
nosognosia) in the earlier stages (Folstein et al., 1975; Cacciamani
et al., 2017; Vannini et al., 2017a, 2020; Hanseeuw et al., 2020).
However, as the disease progresses, individuals progressively lose
their ability to recognize their cognitive difficulties, ultimately
resulting in low insight of their cognitive processing, often at
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FIGURE 2 | Models showing the mediation of EM and EF on the relationship between amyloid and awareness (i), subjective complaints (ii), and informant’s complaints

(iii) in (A) the whole sample and (B) the progressor and dementia group. Notes: TMT B-A = Trail Making Test, Time B minus Time A; LM-II = Logical Memory Delayed

Recall. All p-values are corrected for multiple comparison.

FIGURE 3 | Models showing the mediation of EM and EF on the relationship between amyloid and awareness (i), subjective complaints (ii), and informant’s complaints

(iii) in CN (A), MCI (B), and dementia (C) participants. Notes: All p-values are corrected for multiple comparison. CN = Cognitively Normal, MCI = Mild Cognitive

Impairment.
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the prodromal stage. Although the mechanism underlying the
loss of awareness remains unknown, one hypothesis suggests
that it is caused by the fact that the participant is relying on
an outdated representation of their own abilities when judging
their own cognitive performance, a phenomenon known as the
“petrified-self ” (Mograbi et al., 2009). In longitudinal studies this
can be demonstrated by a non-significant increase in subjective
complaints over time, even though their cognitive processes are
declining, and their informant complaints are increasing.

Regarding the relationships between awareness and our
variables of interest, we found that decreased awareness was
related to increased amyloid burden, as well as lower EM and
EF performances. These relationships should be interpreted with
the disease progression in mind. That is, amyloid is thought of
as one of the main and first biomarkers to accumulate in AD
(Sperling et al., 2011; Dubois et al., 2016; Jack et al., 2018), even
decades before a clinical diagnosis is made (Jansen et al., 2015;
Ossenkoppele et al., 2015). Previous studies have shown that
amyloid often accumulates in the ventromedial prefrontal cortex,
medial parietal and posterior cingulate cortex, as well as the
inferior parietal lobule. Interestingly, these brain regions overlap
with the DMN (Wang et al., 2013), which has been implicated in
self-referential processes (Mak et al., 2017) as well as EF and EM
functioning (Greicius et al., 2004; Hedden et al., 2009; Sheline
et al., 2010; Mormino et al., 2011; Brier et al., 2012). Within
this framework, one possibility is that alterations in memory
self-awareness represent an early indicator of progressive decline
toward AD dementia due to increased dysfunction of the DMN.
This hypothesis is consistent with previous studies relating loss
of awareness in AD with DMN connectivity (Mondragón et al.,
2019, 2021), but also with the relationship between anosognosia
in AD with some neuropsychiatric disorders (Spalletta et al.,
2012; Tondelli et al., 2021) which have also been associated with
dysfunction of the DMN (Lee et al., 2020). When looking at
the groups separately, we only observed a significant correlation
between awareness and EM in the MCI individuals. The same
pattern was found when looking at the mediation analyses,
with partial mediation effects for the whole sample (for the
awareness index as well as both complaints) for both EM and
EF models. These results suggest that the significant effect
that we observed of amyloidosis on awareness is mediated by
an individual’s objective performance of either EM or EF. In
other words, amyloid accumulation in the brain would causes a
decline in EM and EF that leads to a disturbance in awareness.
However, when looking at each group separately, the results
were not as clear. First, for all groups, the models using self-
complaints did not show any significant relationship between
amyloidosis and complaints, neither direct nor indirect. This
result is not in line with previous studies which have found an
association between increased amyloid pathology with increased
complaints in clinically normal individuals (Jessen et al., 2010;
Amariglio et al., 2012; Wang et al., 2013; Perrotin et al.,
2015), a phenomenon called subjective cognitive decline (SCD).
However, inconsistencies have been reported and might be due
to the fact that SCD itself can be caused by multiple etiologies
(Jessen et al., 2014, 2020; Rabin et al., 2017). In addition, some
models using awareness and informant complaints remained

significant for our groups. That is, although models in the
CN and the Dementia groups did not show significant effects,
neither direct nor indirect, significant partial mediations were
observed in the MCI group with EM. To begin with, increased
discordance between the informant’s and participant’s complaints
have already been observed in the literature, using raw complaint
scores (Amariglio et al., 2021) as well as awareness indices as
in our study (Folstein et al., 1975; Cacciamani et al., 2017,
2020; Hanseeuw et al., 2020; Vannini et al., 2020). In our study,
only the MCI group demonstrated a significant relationship
between amyloidosis, cognition and awareness, with EM partially
mediating the relationship between amyloid and awareness.
Several reasons could explain this result. First, this might be a
power issue, as the MCI group included more participants than
the other groups. Another more plausible reasonmight be related
to the dynamic of awareness changing across time. Previous
research has proposed that awareness changes in the early stages
of AD, with an initial increase in awareness before a subsequent
decline, eventually leading to anosognosia in the prodromal
and/or dementia stage (Vannini et al., 2017a). However, it is
unclear when heightened awareness can be observed, with some
studies suggesting it can be found in the preclinical (Folstein
et al., 1975; Cacciamani et al., 2017; Hanseeuw et al., 2020)
stage while other argue that it is observed in the prodromal
(Vannini et al., 2017c; Edmonds et al., 2018; Munro et al., 2018;
Therriault et al., 2018; Tondelli et al., 2018) stage of the disease.
Accordingly, we could hypothesize different scenarios that might
explain the non-significant effect found in the CN and Dementia
groups. That is, in the preclinical stage, we might assume that
the subtle cognitive decline that participants are experiencing
is not sufficient for the effect to be detectable using objective
neuropsychological tests, i.e., the EM and EF may be showing
a ceiling effect. In contrast, in the dementia group, the lack of
relationship between cognition and awareness might be since all
measures might be too declined, i.e., having reached a floor effect.
Another interpretation of the absence of a significant mediation
of EM/EF on the relationship between amyloid and awareness
in the dementia group could be that as unawareness progresses,
anosognosia in the dementia stage might be the cause of primary
anosognosia and not secondary anosognosia. Finally, the absence
of an effect in the CN group can be explained by the fact that
this group likely is heterogeneous, including both normal and
preclinical participants. The absence of an effect could thus be
explained by this mixture, and perhaps an early effect could be
detected if future progressors and stable CN individuals were
separated in a larger sample and follow-up (i.e., as our sample
only included 27 CN progressors).

It is important to note that, in the MCI group, only the
EM mediated effect survived. In the typical AD phenotype,
EM has been demonstrated to be the cognitive domain that is
most affected (Dubois et al., 2014). As previously mentioned,
amyloidosis accumulates following a pattern that would disturb
regions subserving EM. Previous studies have furthermore
showed that EM starts to decline years before the clinical
diagnosis of AD dementia (Elias et al., 2000; Grober, 2008; Derby
et al., 2013), but would initially be too tenuous to be detectable
in a regular neuropsychological assessment at the preclinical
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stage. In the literature, unawareness has been proposed to be
due to either a primary dysfunction of awareness processes,
or a secondary effect due to impairment in either EM or EF
processes (Hannesdottir and Morris, 2007). As compared to both
CN participants, participants in the MCI roup demonstrated
lower levels of awareness, as well as a lower cognitive efficiency
(for both EM and EF). These results suggests that initial EM
decline (i.e., at the preclinical stage / for CN participants)
would not be sufficient to affect an individual’s perception
of growing difficulties. Participants would thus have correct
insight into their initial memory decline. However, with the
progression of this EM deficits, awareness would also start to
show subsequent impairments. This scenario is also supported
by our sub-analyses in the group containing progressors and
dementia patients. Similar to the results observed in the MCI
participants, we observed partial mediation of amyloid by EM
on both awareness and informant complaints. These results
suggest that the relationship between a decline in awareness
and EM dysfunction is specific to AD. It also demonstrates the
importance of the informant’s reports as the disease progresses.

Additionally, the significant results in the group of
participants that progressed can also be interpreted in
another way. This “progressors” group consisted of both
patients diagnosed with dementia or CN/MCI progressing
to MCI/dementia. However, the mediation models showed
significant results for the MCI group and not for the
CN/dementia groups. Given the high proportion of MCI in
this group, one possibility is that these individuals drove the
results for this analysis.

The absence of a relationship (both in correlation and in
the models) between awareness and the EF measure in the
groups could be interpreted in several ways. In our study,
we used the TMT B-A as a measure of EF functioning.
However, EF is a generic term that refers to an ensemble of
different high level cognitive processes (Lezak, 1982; Norman
and Shallice, 1986; Miyake et al., 2000). The TMT, widely used
as a measure of EF, has been suggested to involve working
memory, switching and dividing attention (Strauss et al., 2006;
Godefroy et al., 2010; Correia et al., 2015). Hannesdottir
and Morris’s definition suggested that this process involves a
comparison executive mechanism (Hannesdottir and Morris,
2007) such that error detection, as well as correction, are
part of EF (Luria, 1966). This, in turn, would rely partly
on an attention orientation mechanism. Nevertheless, it is
possible that the absence of a significant interaction involving
the TMT could be because the task does not test specific
executive processes that may be related to awareness. This could
explain the discrepancy between our results and previous studies
that found a relationship between EF and impaired awareness
(Amanzio et al., 2013). For example, Amanzio and colleagues
(Amanzio et al., 2013) did find such relationships using a
dysexecutive battery including several tests, among which the
TMT was included.

4.1. Limitations
This study has several limitations. To begin with, the TMT B-
A was the only available measure to assess EF. In awareness

conceptualization, executive dysfunctions that are postulated
to be related to unawareness are comparison mechanisms
(Hannesdottir and Morris, 2007). Thereby, it is possible
that our models fail to show a relationship involving EF
because the TMT could not involve the same type of EF
processes as those suggested in the model. Future studies
should investigate this further by using measures directly
related to comparison and judgement. Another limitation is
that we only used the global SUVr value when analyzing
amyloid burden. Another approach could have been to focus
on regional pathology, focusing specifically on brain regions
known to be involved in awareness dysfunction. In particular,
future studies should investigate whether increased amyloid
in specific brain regions show an association with awareness
and whether this differs between the groups. However, this
approach might face the limit of multiple modelisation in
order to be pursued. Further investigation also needs to be
conducted using other pathological biomarkers, especially brain
metabolism or tauopathy that are known to be more related to
the cognitive phenotype (with the topography of the pathology
matching the clinical expression) (Bejanin et al., 2017). Finally,
a substantial number of studies have shown that AD can
have a prevalence, expression and evolution that can vary
depending on certain demographics. Our study suffers from
an over-representation of Caucasian (91.91%), non-Hispanic
(95.23%), and highly educated (16.41 mean years) participants.
This limits the generalizability of our results and calls for
future studies that replicate these findings in other, more
diverse cohorts.

4.2. Conclustion
In summary, here, we studied the influence of both EF
and EM on the relationship between amyloidosis and
awareness across the AD spectrum. Our results suggest
that EM, and not EF, mediates the effect between amyloid
and awareness. In particular, a decrease of awareness was
found in the MCI group and in participants that progressed
to AD. This effect was not seen in the CN and Dementia
stages, which might be explained by the fact that cognitive
decline was either too subtle (in the CN group) or too
advanced (in the dementia group) for the relationship to
be detected.
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Whereas discrepancies between participant- and study partner-reported cognitive
concerns on the Alzheimer’s disease (AD) continuum have been observed, more
needs to be known regarding the longitudinal trajectories of participant- vs. study
partner-reported concerns, particularly their relationship to AD biomarkers and mood
symptomology. Additionally, it is unclear whether years of in-clinic data collection
are needed to observe relationships with AD biomarkers, or whether more frequent,
remote assessments over shorter periods of time would suffice. This study primarily
sought to examine the relationships between longitudinal trajectories of participant- and
study partner-rated cognitive decline and baseline biomarker levels [i.e., amyloid and
tau positron emission tomography (PET)], in addition to how mood symptomatology
may alter these trajectories of concerns over a 2-year period. Baseline mood was
associated with longitudinal participant-rated concerns, such that participants with
elevated depression and anxiety scores at baseline had decreasing concerns about
cognitive decline over time (fixed estimate =−0.17, 95% CI [−0.29 to−0.05], t =−2.75,
df = 457, adj. p = 0.012). A significant interaction between baseline amyloid (fixed
estimate = 4.07, 95% CI [1.13–7.01], t = 2.72, df = 353, adj. p = 0.026) and tau (fixed
estimate = 3.50, 95% CI [0.95–6.06], t = 2.70, df = 331, adj. p = 0.030) levels was
associated with increasing study partner concerns, but not participant concerns, over
time. The interaction between amyloid and study partner concerns remained significant
when utilizing only the first year of concern-related data collection. Overall, these results
suggest that frequent, remote assessment of study partner-reported concerns may
offer additional insight into the AD clinical spectrum, as study partners appear to
more accurately update their concerns over time with regard to pathology, with these
concerns less influenced by participants’ mood symptomatology.
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INTRODUCTION

Discrepancies between participant- and study partner-reported
cognitive decline exist on the preclinical and clinical Alzheimer’s
disease (AD) continuum (Amariglio et al., 2015; Vannini et al.,
2017; Nuño et al., 2019; Ryan et al., 2019). However, the
longitudinal course of these concerns about cognitive decline
remains unclear, particularly with regard to their relationships
with brain-based AD biomarkers (i.e., cerebral amyloid and tau
protein burden) in the preclinical or prodromal stages of disease.
By linking the longitudinal trajectories of these concerns with
cross-sectional in vivo brain pathology, we may be able to detect
and identify cognitive changes earlier in the course of the disease
in clinical practice to provide more time for the intervention and
treatment. Additionally, whereas most dementia clinical trials
require study partners for reasons of consent, compliance, and
collection data that the participant is unable to provide, the
rationale for the requirement of study partners in preclinical AD
trials and ongoing involvement of study partners throughout
the study is less clear (Nuño et al., 2019). If longitudinal
discrepancies exist between participant and study partner
concerns and are linked to biomarker data, this could represent
an additional, sensitive outcome measure that is more cost-
effective and less burdensome to both participants and study staff.
One recent longitudinal study found that participant-reported
cognitive concerns were significantly associated with progression
from cognitively unimpaired to a diagnosis of mild cognitive
impairment in amyloid-beta-positive (Aβ+) individuals, whereas
study partner-rated cognitive decline was more associated with
progression from mild cognitive impairment to dementia in
Aβ+ participants (Nosheny et al., 2019). Prior work has linked
participant-rated cognitive decline to cerebrospinal fluid (CSF)
biomarkers, showing subtle relationships between increased
participant-reported cognitive concerns and higher CSF tau
levels or lower CSF Aβ levels (Wolfsgruber et al., 2015; Miebach
et al., 2019; Espenes et al., 2020). In contrast, other work
has found that study-partner report of cognitive decline was
more consistently and/or more strongly associated with objective
cognition and CSF biomarker burden than participant report
(Rueda et al., 2015; Valech et al., 2015; Wolfsgruber et al.,
2020). More work needs to be done to fully understand the
relationship between longitudinal trajectories of participant- and
study partner-rated cognitive decline and in vivo cerebral tau
burden, as data collection for many longitudinal tau positron
emission tomography (PET) studies is ongoing.

In many longitudinal observational studies examining
cognitive concerns, assessments occur annually during in-
clinic visits over the span of many years. However, recent
research has suggested that remote (i.e., delivered via online
or via mail) assessments are both acceptable and feasible
for many participants and study partners (Geddes et al.,
2020). Remote assessment has not only been shown to be
feasible in young, cognitively unimpaired individuals, but
also in older individuals with and without neurological
and/or psychiatric disorders (D’Arcy et al., 2013; George
et al., 2016; Wadsworth et al., 2016; Jacobs et al., 2021;
Lavigne et al., 2021). For impaired participants, remote

assessment might be preferred to reduce participant and
study-partner burden as traveling into clinic becomes more
physically challenging. The feasibility of remote assessment
raises the question as to whether years of annual, in-clinic
assessment are needed to provide valuable data predictive
of AD biomarker status, or whether more frequent, remote
assessments over shorter time periods are sufficient to observe
any relationships present.

Finally, there is a well-documented cross-sectional
relationship between cognitive concerns and mood
symptomatology, in that individuals with greater mood
symptomatology often have more cognitive concerns (Lehrner
et al., 2014; Yates et al., 2017). Additional work has shown a
consistent relationship between participant-reported depressive
symptoms and cognitive concerns, though these participant-
rated cognitive concerns are not linked to objective cognitive
performance (Zlatar et al., 2018). However, some data suggest
that mood symptoms alongside cognitive concerns may impact
longitudinal outcomes regarding risk of dementia and/or AD
biomarker levels; for example, one group demonstrated that
higher Aβ+ burden in cognitively unimpaired older adults
was associated with increasing mood symptomatology over
time, suggesting that emerging neuropsychiatric symptoms
may indicate manifestations of preclinical AD (Donovan et al.,
2018). A recent longitudinal study also found that individuals
with both depression and subjective cognitive decline were
at higher risk for dementia than those with either depression
or subjective cognitive decline alone (Wang et al., 2021).
Additionally, another group showed that in older individuals
unlike younger individuals, depressive symptoms were correlated
with cognitive concerns and associated with an increased
likelihood of self-rated memory decline the following year (Hill
et al., 2020). Given known discrepancies between self- and
study partner-reported cognitive concerns, obtaining collateral
information may represent valuable data to help accurately
identify participants with elevated mood symptoms and
cognitive concerns which represent preclinical manifestations
of AD pathology, compared to those whose cognitive concerns
are more related to preexisting mood conditions. Additionally,
it is unclear whether participant depressive symptoms modify
the longitudinal trajectories of both participant- and study
partner-rated cognitive concerns over time.

This study had several aims to address these gaps in the
literature. First, we sought to assess the impact of baseline mood
symptomatology (i.e., depression and anxiety) on longitudinal
trajectories of both participant- and study partner-rated cognitive
decline. We hypothesized that participants with elevated mood
symptoms would report greater cognitive decline, whereas
study partner ratings would be less impacted by mood
symptomatology. For our second aim, we sought to compare
longitudinal trajectories of both participant- and study partner-
rated cognitive decline to cross-sectional biomarker pathology
on PET imaging (i.e., amyloid and tau levels). We hypothesized
that study partner report will be more associated with biomarkers
longitudinally than participant report. Finally, we wanted to
determine whether more frequent assessment over shorter
time frames (i.e., 1 year of data collection, or the first four
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remote sessions completed) would be sufficient to observe any
longitudinal relationships present in the full, 2-year dataset.

MATERIALS AND METHODS

Participants
All participants were from the Harvard Aging Brain Study
(HABS), a longitudinal observational cohort of cognitively
unimpaired individuals aged 65 or older at baseline (Dagley et al.,
2017). Inclusion criteria at HABS baseline included a score of 0
on the Clinical Dementia Rating Scale, a score of greater than
25 on the Mini-Mental State Examination, scores above age and
education-adjusted cutoffs on the 30-Min Delayed Recall of the
Logical Memory Story (Wechsler, 1987; ADNI based cutoffs)1,
and a score of less than 11 on the Geriatric Depression Scale
(GDS; Yesavage et al., 1982) at study entry (no score cutoff
criteria were set for subsequent annual GDS scores in the study).
Exclusion criteria included history of drug or alcohol abuse,
head trauma, or current serious medical/psychiatric illness at the
time of recruitment. All HABS participants undergo extensive
cognitive testing and multimodal neuroimaging, including PET
imaging, every 3 years. Each HABS participant is also required
to have a study partner who interacts regularly with the
participant and can comment on their cognitive abilities and
daily activities. Consistent with other observational studies of
cognitively normal individuals, imaging biomarker status is not
disclosed to participants or study partners.

The analyses presented here utilize data from the Cognitive
Function and Mood Study of HABS. The Cognitive Function
and Mood Study is a subset of 70 participants (mean age = 76.8,
55.7% women), who are selected from among those HABS
participants who were entering a neuroimaging year of the
HABS study (Table 1). This subset was demographically
generally representative of the overall HABS sample with a
slightly smaller percentage of impaired individuals (about 6%
impaired in the overall HABS sample with about 4% impaired
in this sample), though the Cognitive Function and Mood
subset had slightly higher levels of education (overall HABS
mean = 15.8 years of education; Cognitive Function and Mood
Study mean = 16.7 years of education; p = 0.0248). The Cognitive
Function and Mood Study was initiated 7 years after the HABS
began, and three participants in this sample had progressed to
mild cognitive impairment as determined by clinical consensus.
Regarding the study timeline, the remote Cognitive Function
and Mood Study began with an in-clinic PET imaging visit,
after which participants and their study partners were sent
questionnaires online via REDCap within 1–6 months after
their in-clinic visit. Participants and study partners completed
additional remote assessments every 3 months thereafter, with a
mean of eight sessions completed or about 2 years of assessment
in total (Figure 1). Participants had 1 month to complete
questionnaires with automatic daily reminders sent out via e-mail
the first week after they were sent out. Follow-up phone calls were
performed by a research assistant as needed if questionnaires

1http://www.adni-info.org

TABLE 1 | Participant demographics at baseline.

N = 70 Mean (SD) [range]

Age 76.8 (6.3) [58–89]

Sex (% F) 55.7

Race (% W) 83

Ethnicity (% NH) 97

Years of education 16.7 (2.6) [12–20]

AMNART VIQ 123.9 (8.2) [90–132]

CDR 0.04 (0.1) [0–0.5]

MCI (n) 3

No. Remote visits completed 7.9 (1.6) [5–10]

Fully completed visits 90%

E4+ 27.1%

PIB+ (cutoff of 1.185) 28.1%

FLR PIB DVR 1.2 (0.2) [1.0–1.9]

Entorhinal Tau SUVR 1.1 (0.1) [0.8–1.7]

Geriatric Depression Scale 3.7 (4.3) [0–24]

Geriatric Anxiety Inventory 1.4 (2.7) [0–16]

F, female; W, White; NH, non-Hispanic; AMNART, American National Adult
Reading Test; VIQ, verbal intelligence quotient; CDR, clinical dementia rating;
MCI, mild cognitive impairment; E4+, ApoE4-positive; PIB+, Pittsburgh compound
B-positive; FLR PIB DVR, frontal, lateral, and retrosplenial Pittsburgh compound B
distribution volume ratio; SUVR, standardized uptake ratio.

were not completed within a week. These REDCap surveys
could be completed on any device with access to the Internet
and were not restricted to computers. Massachusetts General
Hospital Institutional Review Board approval was obtained for
both the HABS and the Cognitive Function and Mood substudy
prior to study initiation, and informed consent was obtained
for both studies from all participants prior to study procedures
being performed.

Questionnaires
Questionnaire data were collected and managed using REDCap
electronic data capture tools hosted at Massachusetts General
Hospital (Harris et al., 2009, 2019). Research electronic data
capture (REDCap) is a secure, web-based software platform
designed to support data capture for research studies, providing
(1) an intuitive interface for validated data capture; (2) audit
trails for tracking data manipulation and export procedures;
(3) automated export procedures for seamless data downloads
to common statistical packages; and (4) procedures for data
integration and interoperability with external sources.

The primary measure of interest was a modified version of
the cognitive function instrument (aka Current CFI; Table 2),
comprised of 20 questions regarding current, high-level cognitive
functioning using a 5-point Likert scale (i.e., “Never,” “Rarely,”
“Sometimes,” “Often,” and “Always”) where a higher score is
indicative of greater perceived cognitive decline. This represents
an adaptation of the original CFI, which measures participant-
and study partner-rated cognitive concerns about change in
cognition over the past year over 14 questions and uses a 3-
point response scale (i.e., “Yes,” “No,” and “Maybe”; Li et al.,
2017). These modifications were made to increase sensitivity and
interpretability of data collection and to better capture change in
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FIGURE 1 | Study timeline.

concerns over shorter time periods, as participants were asked
about their perceived cognitive decline more frequently than
the original CFI. Current CFI was administered remotely to
both participants and their study partners independently via
online REDCap surveys every 3 months. A current CFI total
score was created for each time point by summing all responses
on the 5-point response scale. In terms of compliance, 90% of
participants and their study partners fully completed all remote
assessments, with the remaining 10% only missing 1–2 remote
assessments in total.

Mood was assessed using two scales, the Geriatric Depression
Scale (GDS) long form and the Geriatric Anxiety Inventory
(GAI; Yesavage et al., 1982; Pachana et al., 2007). The GDS
includes 30 yes/no questions designed to measure depressive
symptomatology in elderly individuals, with higher scores
indicating greater depressive symptoms. On the GDS, scores of
0–9 represent no to mild depressive symptomatology; scores of
11–19 represent mild to moderate depressive symptomatology,
and scores of 20–30 represent moderate to severe depressive
symptomatology. The GAI is comprised of 20 yes/no questions
designed to measure levels of anxiety in elderly individuals,
with higher scores indicating greater levels of anxiety. Whereas
initial analyses have suggested that a score of 10–11 points
indicates significantly elevated levels of anxiety, other studies
have found that a score of 8–9 points can adequately detect
individuals with an anxiety disorder. The GDS and the GAI were
administered in their unmodified forms to participants online via
REDCap every 3 months.

Neuroimaging
Magnetic resonance imaging (MRI) was performed on a 3T Tim
Trio (Siemens, Washington, DC, United States) and included
a magnetization-prepared rapid gradient-echo (MPRAGE)
processed with FreeSurfer (FS) as described previously to
identify gray-white and pial surfaces to permit ROI parcelation
(Braak and Braak, 1997; Delacourte et al., 2002; Fischl et al., 2004;
Braak et al., 2006; Becker et al., 2011).

General PET acquisition parameters for HABS have been
published previously (Johnson et al., 2016; Dagley et al., 2017).

TABLE 2 | Current cognitive function instrument (CFI), participant version.

Please complete these questions thinking about your current ability (most

recent experience). “Never,” “Rarely,” “Sometimes,” “Often,” “Always”

1. How often do you have memory difficulties?

2. How often do others tell you that you tend to repeat questions over and
over?

3. How often do you misplace things?

4. How often must you rely on written or electronic reminders (e.g., shopping
lists, calendars)?

5. How often do you forget appointments or family occasions?

6. How often do you have difficulty remembering important conversations?

7. How often do you have difficulty recalling names?

8. How often do you have problems finding the right word when speaking?

9. How often do you have difficulty with your driving (such as driving more
slowly, getting lost, having accidents)?

10. How often do you have difficulty managing money (such as paying bills,
calculating change, doing taxes)?

11. How often do you turn down invitations for social activities?

12. How often do you have difficulty with your work performance (paid or
volunteer)?

13. How often do you have difficulty following the news or plots of books,
movies, or TV shows?

14. How often do you have difficulty with your activities (such as hobbies, card
games, crafts)?

15. How often do you become disoriented or lost in familiar places?

16. How often do you have difficulty using household appliances (such as the
washing machine, microwave)?

17. How often do you have difficulty using electronic devices (such as the cell
phone, computer)?

18. How often do you have difficulty planning an event (such as a dinner party,
trip)?

19. How often do you have difficulty keeping living and work spaces organized?

20. How often do you have difficulty participating in conversations with a group
of friends or family?

The study partner version of the current CFI is identical to the participant version,
with the exception of substituting “your partner” for “your” in the directions.

All PET images were acquired on a Siemens ECAT EXACT
HR+ scanner. At each time point, PET data were rigidly
coregistered to the individual’s closest MPRAGE using SPM12
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FIGURE 2 | The interaction between baseline participant GDS score and time to predict participant-rated (left) and study partner-rated (right) cognitive concerns
using the current CFI. A significant interaction was seen between GDS and time when predicting participant-rated cognitive concerns (fixed estimate = –0.17, adj.
p = 0.0012), in that participant concerns decreased over time in participants with higher GDS score at baseline (indicative of greater depressive symptomatology).
The interaction between GDS score and time predicting study partner-rated cognitive concerns was not significant (fixed estimate = –0.003, adj. p = 0.964).

FIGURE 3 | The interaction between baseline participant GAI score and time to predict participant-rated (left) and study partner-rated (right) cognitive concerns using
the current CFI. A significant interaction was seen between GAI score and time when predicting participant-rated cognitive concerns (fixed estimate = –0.19, adj.
p = 0.0450), in that participant concerns decreased over time in participants with higher GAI score at baseline (indicative of greater anxiety symptoms). The
interaction between GAI score and time predicting study partner-rated cognitive concerns was not significant (fixed estimate = –0.12, adj. p = 0.380).

(Wellcome Department of Cognitive Neurology, Functional
Imaging Laboratory, London, United Kingdom). All PET data
presented were partial volume corrected using the Müller-
Gärtner method, though results were similar when utilizing
data that were not partial volume corrected (see Supplementary
Material for non-partial volume corrected analyses; Müller-
Gärtner et al., 1992).

Cerebral amyloid burden was measured using the Pittsburgh
compound B (PIB) radiotracer. PIB-PET images were acquired
with a 60-min dynamic acquisition starting directly postinjection.
For PIB-PET, distribution volume ratios (DVRs) were calculated
via Logan plotting with a cerebellar gray reference tissue. Cortical
regions of interest were defined from the Desikan–Killiany atlas
via FreeSurfer v6.0 (Desikan et al., 2006). Frontal, lateral, and
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retrosplenial (FLR) regions were averaged into a widely accepted
global aggregate, as previously reported (Mormino et al., 2014;
Johnson et al., 2016; Buckley et al., 2018).

Cerebral tau burden was measured using the Flortaucipir
(FTP, formerly known as AV1451) radiotracer, using previously
described methods (Johnson et al., 2016). FTP-PET images were
acquired approximately 80–100 min after injection. FTP-PET
data were examined regionally for these analyses, specifically
focusing on bilateral entorhinal cortices (EC) using a FS-defined
ROI given the higher likelihood of tau deposition in this region
based on a largely cognitively unimpaired sample. FTP binding
was expressed in FS ROIs as the SUVR, using the FS cerebellar
gray ROI as reference.

Statistical Analyses
All analyses were conducted in R and RStudio, version 4.0.3 (R
Core Team, 2019). Linear mixed-effects models were first used
to examine potential change in mood (i.e., depression or anxiety
measures) and cognitive concerns (both participant- and study
partner-reported) over time:

Longitudinal participant or study partner concerns or
longitudinal mood∼ time.

Linear mixed ∼ effects models were also used to assess
the interaction between either baseline participant mood (i.e.,
depression or anxiety measures) or biomarker burden (i.e.,
amyloid and tau) and time to separately predict longitudinal
participant∼ and study partner∼ rated cognitive decline:

Longitudinal participant or study partner concerns∼ baseline
amyloid, tau, or mood× time.

In secondary sensitivity analyses, separate linear mixed-effects
models were run using a truncated dataset using only the first year
of data collection (first four time points for all participants), to
examine relationships with biomarkers over a shorter time frame.
These models also looked at the interaction between baseline
biomarker levels with time to predict longitudinal participant-
and study partner-rated cognitive decline, but used only data
collected from the first four remote sessions completed. Linear
regression models were utilized to observe main effects of
the aforementioned models. All models included age, sex, and
education as covariates. All p-values provided are adjusted using
an FDR correction (Benjamini and Hochburg, 1995; Jafari and
Ansari-Pour, 2019). Sensitivity analyses were also run, removing
subjects with MCI and, for analyses with GDS, removing items
related to cognition from the total GDS score.

RESULTS

Baseline Mood Symptomatology
Predicting Longitudinal Trajectories of
Cognitive Concerns
First, regarding longitudinal trajectories of participant-reported
mood symptoms over the course of the study, GAI scores
were generally stable (slope = 0.01, t = 0.04, p = 0.9642)
whereas GDS scores increased over time, albeit very minimally
by about half of a point over each time point (slope = 0.65,

t = 3.08, p = 0.0022). Next, when examining the effects of
baseline mood on longitudinal trajectories of cognitive concerns,
a significant association was observed between participant-rated
cognitive concerns over time and baseline participant GDS score
(Figure 2). This interaction was such that individuals with a
higher GDS score, indicating greater depressive symptomatology,
at baseline had decreasing self-reported cognitive concerns over
time (fixed estimate =−0.17, 95% CI [−0.29 to−0.05], t =−2.75,
df = 457, adj. p = 0.012). Results were similar in a sensitivity
analyses, using a modified GDS score when items related to
cognition or thinking were removed from the GDS total score
(fixed estimate = −0.21, 95% CI [−0.36 to −0.07], t = −2.84,
df = 457, p = 0.005) and when individuals with MCI were
removed from the sample (fixed estimate =−0.17, 95% CI [−0.29
to −0.04], t = −2.54, df = 447, p = 0.012). A significant main
effect of GDS score was also observed, such that individuals with
higher GDS scores tended to have more cognitive concerns at
baseline (t = 7.83, adj. p = 0.004; Figure 2). The interaction
between participant GDS score and time was not significant when
predicting study partner-rated concerns (fixed estimate =−0.003,
95% CI [1.67–30.38], t = −0.05, df = 362, adj. p = 0.964),
indicating that study partner concerns did not change over time
in relation to the level of participant depressive symptomatology
reported. These results were similar when using a modified
GDS score (removing cognitive items) and when removing
individuals with MCI from the sample. Interaction results for
predicting study partner-rated concerns were also similar when
items related to cognition or thinking were removed from the
GDS total score (fixed estimate = 0.04, 95% CI [−0.17 to 0.24],
t = 0.35, df = 58, p = 0.726) and when individuals with MCI
were removed (fixed estimate = 0.01, 95% CI [−0.40 to 0.62],
t = 0.09, df = 352, p = 0.927). A significant main effect was seen
such that higher participant-rated baseline GDS score, indicating
greater depressive symptomatology, was associated with more
study partner-rated cognitive decline at baseline (t = 2.42, adj.
p = 0.025). However, this the effect size was smaller compared to
that observed in the model predicting participant-rated concerns.

Similar results were obtained when comparing participant-
and study partner-rated concerns to baseline participant GAI
score (Figure 3 and see Supplementary Material).

Baseline Biomarker Levels Predicting
Longitudinal Trajectories of Cognitive
Concerns
A significant interaction was seen between baseline amyloid
level and time when predicting longitudinal study partner-rated
cognitive decline (Figure 4), such that a higher participant
baseline amyloid burden was associated with increasing study
partner concerns over time (fixed estimate = 4.07, 95% CI [1.13–
7.01], t = 2.72, df = 353, adj. p = 0.026). Results were similar
when data from participants with MCI were removed from
analyses (fixed estimate = 2.95, 95% CI [0.16–5.74], t = 2.08,
df = 343, adj. p = 0.038). A main effect of amyloid was also
significant (t = 2.40, adj. p = 0.026), indicating greater study
partner-reported concerns for participants with higher levels
of amyloid at baseline. A main effect of amyloid (i.e., higher
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baseline amyloid levels were related to higher concerns) was
also significant in participant ratings (t = 2.61, adj. p = 0.023;
Figure 4), indicating that individuals with higher levels of
amyloid had more cognitive concerns at baseline. However, the
interaction between amyloid burden and time was not significant
when predicting the trajectory of participant-rated cognitive
concerns (fixed estimate = 0.44, 95% CI [−1.41 to 2.30], t = 0.47,
df = 440, adj. p = 0.635), suggesting that there was no significant
change in participant cognitive concerns over time in relation to
baseline amyloid levels.

A significant interaction was also seen between baseline
entorhinal cortex tau burden and time when predicting
longitudinal study partner-rated cognitive decline (Figure 5),
such that a higher participant baseline tau burden was
associated with increasing study partner concerns over time
(fixed estimate = 3.50, 95% CI [0.95–6.06], t = 2.70, df = 331,
adj. p = 0.03). This interaction was no longer significant
when individuals with MCI were removed from analyses (fixed
estimate = 2.09, 95% CI [−0.39 to 4.57], t = 1.66, df = 321,
adj. p = 0.099). A main effect between study partner concerns
and baseline participant entorhinal tau burden was marginally
significant (t = 2.14, adj. p = 0.075), trending toward greater
study partner-reported concerns for participants who had greater
entorhinal tau burden at baseline. When examining participant-
rated cognitive concerns, the interaction between entorhinal tau
and time (fixed estimate = −1.47, 95% CI [−3.54 to 0.60],
t =−1.40, df = 409, adj. p = 0.162) was not significant (Figure 5).
A model examining the association between participant-reported
cognitive concerns and entorhinal tau levels at baseline was also
non-significant (t = 1.73, adj. p = 0.120).

Results examining the interaction between baseline tau
levels in other temporal lobe regions (i.e., bilateral amygdala
and inferior temporal cortex) and time were similar to main
analyses and are presented in Supplementary Material, section
“Supplementary Biomarker Analyses.”

Secondary Analyses: Baseline Biomarker
Burden Predicting Longitudinal
Trajectories of Cognitive Concerns Over
Shorter Time Frames
In separate models using participant baseline amyloid and tau
burden to predict longitudinal trajectories of participant- and
study partner-rated cognitive decline over only the first year of
data collection (the first four remote sessions), the interaction
between amyloid burden and time in study partner-rated
cognitive decline remained significant (fixed estimate = 7.13,
95% CI [1.33–12.92], t = 2.43, df = 170, adj. p = 0.033;
Figure 6). The interaction between entorhinal tau level and
time in study partner-rated cognitive decline was not significant
when truncating the dataset to only the first four sessions (fixed
estimate = 3.38, 95% CI [−1.79 to 8.56], t = 1.29, df = 353, adj.
p = 0.397). Similar to the full dataset, neither the interaction
between amyloid and time (fixed estimate = 0.20, 95% CI [−4.92
to 5.31], t = −0.08, df = 187, adj. p = 0.940) nor the interaction
between entorhinal tau and time (fixed estimate =−1.24, 95% CI

[−6.81 to 4.32], t = −0.44, df = 184, adj. p = 0.661) significantly
predicted participant-rated concerns.

DISCUSSION

We observed a significant association between baseline mood
symptomatology and participant-rated concerns over time,
such that participants with higher depression and anxiety
scores at baseline had decreasing cognitive concerns over
time. Additionally, there was a strong main effect of mood
symptomatology on participant-rated concerns, with higher
mood symptoms at baseline associated with more cognitive
concerns overall. These results persisted when adjusting
models for amyloid and EC tau (see Supplementary Material),
suggesting that this finding was not solely driven by greater
pathology. Moreover, in a further exploratory analysis,
the interaction between baseline mood symptoms and AD
biomarkers was not significant in predicting trajectory of
participant concerns over time, suggesting that the phenomena
observed were not solely driven by participants with greater
burden of both mood symptoms and pathology (data not
shown). The interaction between participant mood symptoms
and time was not seen for study partner-reported concerns, and
the main effect of participant mood symptoms on concerns
was smaller in study partners. These data indicate that
participant-rated cognitive concerns are influenced by their
mood symptomatology at baseline, and moreover, that this
influence may change over time. Whereas it is still somewhat
unclear why participant-rated cognitive concerns decreased
over time in those with higher mood symptoms at baseline, this
could possibly be explained by enhanced accuracy of participant
assessment over time after repeated prompting to reflect on
current concerns; results from our sensitivity and exploratory
analyses above suggest this is less likely due to participants with
greater mood symptomatology at baseline having decreasing
awareness of cognitive changes over time. However, future
work in larger samples and with longer-term follow-up of the
trajectory of mood symptoms and concerns in both participants
and study partners is needed to fully differentiate between
these alternatives.

Main effects of baseline biomarker burden (i.e., amyloid and
tau) predicting both participant- and study partner-reported
cognitive concerns were observed, such that higher levels of
biomarker burden at baseline were generally associated with
greater concerns in both groups. However, we found that
higher participant biomarker (i.e., amyloid and tau) levels at
baseline were associated only with increasing study partner-rated,
but not participant-rated, cognitive concerns over time. These
findings are in line with prior research suggesting that, whereas
subtle relationships may be seen between participant-reported
concerns and biomarkers, there are discrepancies between study
partner and participant report that suggest study partner data
becomes increasingly valuable as participants progress along the
preclinical and clinical AD continuum.

In secondary analyses, the interaction with amyloid remained
significant even when utilizing a truncated dataset which
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FIGURE 4 | The interaction between baseline participant cerebral amyloid burden (FLR DVR) and time to predict participant-rated (left) and study partner-rated (right)
cognitive concerns using the current CFI. A significant interaction was seen between amyloid and time when predicting study partner-rated cognitive concerns (fixed
estimate = 4.07, adj. p = 0.0260), in that study partner concerns increased over time in participants with higher amyloid burden at baseline. The interaction between
amyloid and time predicting participant-rated cognitive concerns was not significant (fixed estimate = 0.44, adj. p = 0.6350).

FIGURE 5 | The interaction between baseline participant cerebral entorhinal tau burden (ER SUVR) and time to predict participant-rated (left) and study partner-rated
(right) cognitive concerns using the current CFI. A significant interaction was seen between tau and time when predicting study partner-rated cognitive concerns
(fixed estimate = 3.50, adj. p = 0.030), in that study partner concerns increased over time in participants with higher tau burden at baseline. The interaction between
tau and time predicting participant-rated cognitive concerns was not significant (fixed estimate = –1.47, adj. p = 0.1620).

included only the first year of data collection (first four remote
sessions), suggesting that more frequent remote assessment
of study partner concerns may offer additional insight into
clinical trajectories over shorter time periods. Additionally, the
interaction with amyloid remained significant when individuals
with MCI were removed, highlighting that this analysis is
sensitive to detect relationships between study partner concerns
and amyloid in preclinical individuals. The interaction with
tau was not significant using a truncated dataset, indicating

a potential power issue (stemming from a small sample size
combined with relatively low cerebral tau burden across most
participants), or perhaps that more time is needed to observe
the relationship between study partner concerns and cerebral
tau burden. The fact that the interaction between tau and time
predicting study partner-rated cognitive decline lost significance
when individuals with MCI were removed seems to provide
support for the former explanation, that study partner ratings
may be more linked to tau burden in individuals further along
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FIGURE 6 | The interaction between baseline participant cerebral amyloid burden (FLR DVR) and time to predict participant-rated (left) and study partner-rated (right)
cognitive concerns using the current CFI over only the first year of data collection (first four remote sessions). A significant interaction was seen between amyloid and
time when predicting study partner-rated cognitive concerns (fixed estimate = 7.13, adj. p = 0.0330), in that study partner concerns increased over time in
participants with higher amyloid burden at baseline. The interaction between amyloid and time predicting participant-rated cognitive concerns over the first year of
data collection was not significant (fixed estimate = 0.20, adj. p = 0.940).

the clinical spectrum and may be a good indicator of certain brain
pathologies even over shorter time frames.

With regard to the limitations of this study, whereas each
participant completed an average of eight remote assessments
and compliance with these assessments was strong (90% of
participants and study partners fully completed all remote visits),
the sample size was relatively small (n = 70) and this may
have affected our overall ability to observe relationships (i.e.,
the interaction between tau and time to predict longitudinal
study partner-rated cognitive decline) in the truncated dataset
of the first four remote sessions. We are also hoping to explore
item-level analyses using the current CFI in a larger sample to
determine whether there are specific items or factors that may
be more predictive of cerebral pathophysiology. Additionally,
our sample was largely comprised of cognitively unimpaired
adults with relatively low amyloid and/or tau levels and largely
subclinical mood symptomatology. Stronger relationships may be
observed in samples with more cognitively impaired individuals
or individuals with current clinical mood disorders. Additional
studies are also needed to explore relationships with tau
pathology in other brain regions and consider the impact of mood
symptom variability on longitudinal trajectories of cognitive
concerns in both participants and study partners. Finally, the lack
of racial and ethnic diversity in our highly educated and non-
Hispanic or White sample that was slightly more homogenous
than the main Harvard Aging Brain Study represents a significant
limitation that is seen across many ongoing longitudinal aging
studies. Future research studies are needed with participant
groups that are more representative of our overall population in
terms of racial, ethnic, and socioeconomic diversity to be able to
adequately generalize these results.

CONCLUSION

Our findings indicated that, over time, study partner rather
than participant-reported complaints are more closely associated
with participant AD biomarkers and were overall less vulnerable
to participant-reported mood symptoms when compared
to participants’ ratings of their own cognitive functioning.
Moreover, whereas mood symptoms may influence participant-
reported concerns, our data suggest that this influence may
wane with repeated participant assessment of concerns. This
may be in part due to the influence of impaired insight as
participants progress along the AD continuum, though more
work needs to be done to further investigate this phenomenon
using objective cognitive measures and to additionally parse
out the specific impact of mood symptomatology over time.
Regarding remote data collection, it was demonstrated that
frequent, remote assessment of cognitive concerns, particularly
with study partners, may offer additional insight into clinical
trajectories over shorter periods of time. These findings have
implications for both clinical practice and future clinical and
observational research studies, highlighting the importance of
obtaining longitudinal data from not only participants but also
study partners when seeking to identify preclinical or clinical AD.
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Decline in self-awareness is a prevalent symptom in Alzheimer’s disease (AD). Current
data suggest that an early breakdown in the brain’s default mode network (DMN)
is closely associated with the main symptomatic features in AD patients. In parallel,
the integrity of the DMN has been shown to be heavily implicated in retained
self-awareness abilities in healthy individuals and AD patients. However, the global
contribution to awareness skills of other large-scale networks is still poorly understood.
Resting-state functional magnetic resonance imaging (rs-fMRI) scans were acquired
and pre-processed from 53 early-stage AD individuals. A group-level independent
component analysis was run to isolate and reconstruct four intrinsic connectivity large-
scale brain functional networks, namely left and right central executive fronto-parietal
networks (FPN), salience network, and anterior and posterior DMN. Hypothesis-driven
seed-based connectivity analyses were run to clarify the region-specific underpinnings
of multi-domain anosognosia. Multiple regression models were run on large-scale
network- and seed-based connectivity maps, including scores of memory, non-memory
and total anosognosia obtained via the Measurement of Anosognosia Questionnaire.
Memory anosognosia scores were associated with selective lower fronto-temporal
connectivity and higher parieto-temporal connectivity. Non-memory anosognosia scores
were associated with higher connectivity between the anterior DMN and the cerebellum,
between the left medial prefrontal seeds and the contralateral prefrontal cortex, and
between the left hippocampal seed and the left insula; lower connectivity was observed
between the right prefrontal cortex and the right lingual seed. Lastly, total anosognosia
scores were associated with large-scale network alterations, namely reduced left-FPN
expression in the left posterior cingulate, reduced right-FPN expression in the left inferior
lingual gyrus and adjacent inferior occipital cortex, and increased right-FPN expression
in the right anterior cingulate. Seed-based analyses yielded significant connectivity
differences only in the connectivity pattern associated with the left hippocampal seed
by displaying lower intercommunication with the right prefrontal cortex, but higher
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connectivity with the left caudate nucleus. These findings support the hypothesis that
alterations in functional connectivity of frontal lobe regions involved in executive-related
mechanisms represent the neural correlates of domain-specific anosognosia in early AD.
Up-regulated connectivity with subcortical structures appears to contribute to changes
in the network dynamics interplay and fosters the appearance of anosognosia.

Keywords: anosognosia, large-scale networks, mild cognitive impairment, functional MRI, unawareness, resting-
state

INTRODUCTION

Anosognosia in Alzheimer’s disease (AD) is a prevalent symptom
that can be defined as the inability of a patient to recognize
decline in their own cognitive functioning (Hanseeuw et al.,
2020). The clinical manifestations of anosognosia at an individual
level affect efficiency in the various cognitive domains in a
highly heterogeneous way (Starkstein, 2014). The onset of this
symptom, however, tends to occur quite early on throughout the
clinical timeline, either at the stage of mild cognitive impairment
(MCI), or even before that, during the preclinical period when
individuals who are still psychometrically normal but report
subjective cognitive complaints might show poorer awareness of
the extent of their decline than their informant would report
(Cacciamani et al., 2017; Hanseeuw et al., 2020). Anosognosia
might not manifest only as lack of awareness of a memory
impairment but can also apply to other cognitive domains, such
as unawareness of executive dysfunction, of socio-emotional
deficits or of difficulties with daily life activities (Lacerda et al.,
2021). This heterogeneity highlights the multidimensionality
of this phenomenon and warrants the necessity for a multi-
domain clinical assessment (Leicht et al., 2010; de Ruijter et al.,
2020).

The use of resting-state fMRI (rs-fMRI) in AD holds great
potential as an early diagnostic biomarker, as evidenced by
studies that found disruptions of intrinsic large-scale network
connectivity in the prodromal and mild AD stages (Sorg et al.,
2007; Vemuri et al., 2012; Antoine et al., 2019). It is now well
recognized that three of the brain main large-scale functional
networks play a crucial role in efficient human cognition, namely
the default mode network (DMN), the nodes of which are
centered in the medial prefrontal cortex, posterior cingulate
cortex/precuneus and medial temporal cortices, including the
hippocampus (Raichle, 2015; Alves et al., 2019), the salience
network, of which the anterior cingulate cortex and insula are the
most representative hubs, and the central executive fronto-parietal
network, with its computational regions found predominantly
in the dorsolateral prefrontal and posterior parietal cortices
(Bressler and Menon, 2010). Published evidence suggests that
DMN down-regulation is significantly associated with cognitive
decline during the early clinical stages of AD (Greicius et al.,
2004; Badhwar et al., 2017; Grieder et al., 2018). At the same time,
however, functional integrity of DMN hubs is implicated in self-
awareness abilities, as evidenced in healthy individuals (Northoff
et al., 2006; Davey et al., 2016). Consequently, AD patients
with alterations affecting the DMN might have difficulties with

self-awareness or may manifest anosognosia very early in the
course of the disease.

To clarify the role of dysfunction in regions of the DMN
when anosognosia is present in AD, partial insight is provided
by fMRI studies that investigated hemodynamic activation in
patients with AD during tasks tapping self-awareness abilities.
These studies reported activation of fronto-parietal (Ruby et al.,
2009), fronto-cingulate (Ries et al., 2007; Amanzio et al.,
2011), and fronto-temporal (Zamboni et al., 2013) regions
during tasks of self-reflection and perspective-changing, with
an additional, yet limited, activation of posteromedial parietal
regions (Amanzio et al., 2011). When resting-state activity within
the DMN was studied in relation to anosognosia in this patient
population, Berlingeri et al. (2015) found that anosognosia for
memory impairment was associated with reduced connectivity
of the DMN network, the left lateral temporal cortex, the
hippocampus and the insula. Perrotin et al. (2015) found
reduced connectivity between the medial temporal lobe and both
orbitofrontal cortex and posterior cingulate. Vannini et al. (2017)
showed reduced connectivity between the precuneus and the
bilateral inferior parietal lobe, the left posterior cingulate and
orbitofrontal cortex, and between the right hippocampus and
the fusiform gyrus. Lastly, Mondragón et al. (2021) showed that
stronger connectivity of the bilateral anterior cingulate cortex
was associated with anosognosia in prodromal AD. Notably,
regardless of the applied methodology, all task-based and rs-
fMRI studies reported an involvement of the frontal lobe
cortex and/or anterior cingulate cortex as the essential neural
substrates modulating multi-dimensional awareness and self-
appraisal abilities (Ries et al., 2007; Amanzio et al., 2011; Zamboni
et al., 2013; Perrotin et al., 2015; Vannini et al., 2017; Antoine
et al., 2019; Mondragón et al., 2021).

At the cognitive level, the most influential theoretical
framework at the basis of disorders of awareness is the Cognitive
Awareness Model (Agnew and Morris, 1998). This model posits
that a “Mnemonic Comparator” based on executive resources
plays a major role in sustaining awareness. It has, thus,
been proposed that loss of functional integrity within fronto-
temporo-parietal networks (including the DMN) may result in
dysfunctional changes to the comparator system, and this, in
turn, may lead to deficits in self-awareness abilities (Tagai et al.,
2020). In this respect, an association between anosognosia and
the integrity of the DMN has been reported by multiple studies
(Zamboni and Wilcock, 2011; Antoine et al., 2019; Mondragon
et al., 2019). Furthermore, the presence of anosognosia at the
MCI stage has been found to predict hypometabolism in regions
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of the DMN and progression to dementia at a 2-year follow up
(Therriault et al., 2018). The role that other, non-DMN large-scale
networks play in the genesis and persistence of this symptom,
however, is still poorly understood. Clarifying in more detail
the changes to the overall neurofunctional circuitry (i.e., which
networks are involved and in what direction the association is
observed) that are associated with domain-specific anosognosia
would provide valuable insights into the mechanisms fostering
the presence of this symptom in AD.

Although the reviewed literature provides some evidence
of the involvement of resting-state functional connectivity
in the mechanisms of anosognosia in early AD, no study
has yet investigated seed-based and data-driven (i.e., as
informed by latent-variable models) pathways in a systematic
way, including non-DMN networks, and by differentiating
anosognosia for memory and non-memory impairments. Relying
on the “Mnemonic Comparator” notion introduced as part of
the Cognitive Awareness Model (Agnew and Morris, 1998), we
hypothesized that connectivity alterations ascribable to fronto-
limbic dysfunction would be associated with single-domain (i.e.,
“memory”/”non-memory”) and multi-domain (i.e., memory plus
non-memory, or “total”) anosognosia in the early stage of
AD. In addition, we also hypothesized that alterations to the
DMN of adaptive and compensatory nature, such as increased
abnormal network-to-network interplay, would be deployed
(and, thus, would emerge as statistically significant) in the
presence of anosognosia.

MATERIALS AND METHODS

Experimental Design
This study followed a correlational design in which measures
of domain-specific (memory and non-memory) and total
anosognosia and statistical maps of brain activity extracted
from fMRI images acquired in resting state were entered
into linear regression models to explore the relationship
between different brain network activities and patients’ levels of
cognitive awareness.

Participants
Fifty-three patients with cognitive impairment were included
in this study. Recruitment of patients and administration of
study procedures were carried out as an ancillary study of the
EU-funded Virtual Physiological Human—DementiA Research
Enabled by IT initiative1, a multicenter project coordinated
by the Department of Neuroscience, University of Sheffield,
United Kingdom. All eligible patients for the VPH-DARE
initiative at our sites were also approached to take part in this
ancillary study. All patients were recruited consecutively and
all were approached if they also met the eligibility criterion
for this additional study, i.e., having a reliable informant. Our
intention was to cover the entire continuum of early AD
clinical severity (i.e., from MCI to mild dementia) in order
to maximize numerical variability of outcome variables (i.e.,
voxel-by-voxel indices of connectivity) as well as of the main

1https://cordis.europa.eu/project/id/601055

predictors (i.e., the anosognosia scores). Of the total sample,
n = 24 had a clinical diagnosis of mild AD, as per the National
Institute of Aging diagnostic criteria typically implemented
in clinical settings (McKhann et al., 2011) and n = 29 had
a diagnosis of MCI due to AD (Albert et al., 2011) based
on clinical, neuropsychological and structural neuroimaging
biomarkers of neuronal injury (Albert et al., 2011, p. 8). Patient
diagnoses were corroborated by regular clinical longitudinal
follow ups that were carried out for at least 4 years after
recruitment. In all cases included in this report the clinical
course and structural imaging findings were supportive of an AD
etiology. A series of exclusion criteria (applied at recruitment
and, retrospectively, at each clinical follow up examination)
was defined to rule out signs and symptoms suggestive of a
condition incompatible with the objective of this study. This
included: significant neurological conditions (e.g., history of
acute or chronic cerebrovascular disease or transient ischemic
attacks), history of epilepsy or presence of uncontrolled brain
seizures, peripheral neuropathy, significant neuropsychiatric
symptoms or evidence of radiological abnormalities (other than
those seen as part of the typical AD profile); cardiovascular
and gastroenterological conditions (e.g., sick-sinus syndrome
or peptic ulcer), metabolic disorders (e.g., abnormal levels of
vitamin B12, folates or thyroid stimulating hormone), major
pharmacological interventions (e.g., treatment with psychotropic
medication other than AD-related drugs, pharmacological
interventions displaying important organic adverse effects or
medications used in other research protocols) and presence of
major disabilities significantly affecting daily life activities. Since
the indices of anosognosia were obtained from patient-caregiver
dyads, patients from the primary study without a reliable
informant were not offered participation. A brief screening
of caregivers’ neurological status was completed by a senior
clinician to rule out neurological or psychological factors that
could have prevented them from providing reliable information.
This study received ethical approval by the Regional Ethics
Committee of Yorkshire and Humber (Ref No: 12/YH/0474).
In accordance with data-collection procedures approved by the
European Union, ethical approval was reiterated by the relevant
local ethics committees at recruitment sites. Written informed
consent was obtained from all participants.

Anosognosia Assessment
The Measurement of Anosognosia Instrument (Stewart et al.,
2010) was used to quantify the patients’ level of (or lack of)
awareness of difficulties in a set of daily life scenarios. This
questionnaire consists of 15 dichotomical “yes/no” questions on
cognitive deficits that may manifest during daily life routines and
the responses are split into two functional domains: “memory” (9
items) and “non-memory” (including anosognosia for executive
dysfunction and anosognosia for deficits in daily life activities;
6 items). All 15 questions must be answered independently
by the patient and by the informant. As a result, two set of
scores are obtained: that provided by the informant (construed
as the “standard-of-truth” of the patient’s abilities) and that
provided by the patient as a self-evaluative measure. Individual
informant-based and patient-based responses were compared
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to quantify the number of discrepant answers (i.e., higher
discrepancy scores indicate a higher degree of anosognosia).
Discrepancy scores were used to quantify the presence of
domain-specific anosognosia (“memory,” max score: 9; “non-
memory,” max score: 6) and a “total” score that was also obtained
by the sum of the memory and non-memory scores (max score:
15) (Migliorelli et al., 1995; Stewart et al., 2010).

Functional Magnetic Resonance Imaging
Acquisition and Pre-Processing
Brain MRI data were acquired following the protocol for
multicenter harmonization for Philips MRI scanners defined
by the VPH-DARE@IT consortium. Images were acquired on
two Philips scanners. The following parameters were used
for acquisition of resting state functional MRI (rs-fMRI)
images on the 3 T Philips Ingenia scanner: 35 axial slices,
reconstructed in-plane voxel dimensions = 1.8 × 1.8 mm2,
slice thickness = 4.0 mm, 128 × 128 matrix size, 230 mm
field of view, repetition time = 2.6 s, echo time = 35 ms, flip
angle = 90◦, number of temporal dynamics = 125. Acquisitions
of rs-fMRI images on the Philips Achieva 1.5 T scanner had
the following specifications: voxel size: 3.28 × 3.28 mm2, slice
thickness = 6.00 mm, 64 × 64 matrix size, 230 mm field of view,
repetition time = 2 s, echo time = 50 ms and flip angle = 90◦,
number of temporal dynamics = 240. As per protocol, 20 s of
dummy acquisitions were set at the beginning of each sequence
to enable the scanner to reach electromagnetic equilibrium. A T1-
weighted image was also obtained for each participant as part of
the MRI protocol.

Functional brain images were processed with Statistical
Parametric Mapping (SPM) 12 software running in MATLAB
R2014a (V.8.3) through a standardized fMRI data pre-processing
pipeline that included slice-timing, realignment, normalization,
temporal band-pass filtering (0.01–0.1 Hz) and a 6-mm full-width
at half-maximum Gaussian kernel smoothing (Postema et al.,
2019). In addition, total intracranial volumes were computed
from the T1-weighted scans using the get_totals MATLAB script2

and summing the maps of gray matter, white matter and
cerebrospinal fluid volumes.

Independent Component Analysis
Pre-processed rs-fMRI images were analyzed with a group
independent component analysis (ICA), to extract functional
large-scale network connectivity maps. The GIFT toolbox (v1.3i)3

was used to this end. The Infomax optimization principle was
applied and the number of components to be extracted set
at 20, as a reliable number that typically separates human
resting-state connectivity into its fundamental networks (Wang
and Li, 2015). Individual independent component maps were
reconstructed for each of the five main brain functional networks
of interest and these were selected via visual inspection that
was carried out independently by the three co-authors with
100% agreement. These five pathways were the anterior DMN
(aDMN), the posterior DMN (pDMN), the left frontoparietal

2http://www0.cs.ucl.ac.uk/staff/g.ridgway/vbm/get_totals.m
3mialab.mrn.org/software/gift

network (l-FPN), the right frontoparietal network (r-FPN), and
the salience network. Large-scale network connectivity beta-score
maps were then extracted for each participant for group-level
inferential modeling.

Seed-Signal Extraction and Seed-Based
First Level Analyses
Region of interest (ROI) analyses were carried out on each
individual patient’s rs-fMRI acquisition to define the association
between the hemodynamic signal extracted from a series of seed
regions and the signal throughout the entire brain. The resulting
maps are typically interpreted as the functional connectivity of
those seed regions. Cytoarchitectonically-defined seed regions
were created using the WFU PickAtlas toolbox and AAL human
brain atlas (Tzourio-Mazoyer et al., 2002; Maldjian et al., 2003).
Informed by the Cognitive Awareness Model and based on
previous neuroimaging research (Mondragon et al., 2019), the
following 9 ROIs were chosen: anterior cingulate cortex, medial
prefrontal cortex, medial orbitofrontal cortex, precuneus, and
posterior cingulate cortex were selected for their established
role in self-awareness (Northoff et al., 2006), while precentral
gyrus, lingual gyrus, fusiform gyrus, and hippocampus were
selected based on published evidence suggesting that these are
part of the neural substrate associated with levels of anosognosia
in the early stages of AD (Valera-Bermejo et al., 2020). Seed
time-courses were extracted independently for the left and right
hemispheres (18 seeds in total) with the SPM-based MarsBaR
toolbox4 (Brett et al., 2002).

First-level analyses were devised in the form of general
linear models with the seed time-course as predictor. The
physiological signal from the global maps of white matter and
cerebrospinal fluid was regressed out to minimize the impact of
non-neural sources of variability. Twenty-four parameters related
to head-motion i.e., the six rigid-body transformation regressors
generated during realignment, their temporal derivatives, and all
squared values were also regressed out (max. translational motion
3 mm and max. rotational motion 3◦). This methodology also
allowed for functional scans to address and minimize the impact
of the differences in magnetic field strength as there is evidence
that signal extent and intensity are not affected by this effect,
but signal-to-noise ratio may variate depending on magnetic
field-strength (Voss et al., 2006).

Group-Level Data Modeling
Multiple regression analyses were carried out at group level to
test the functional associations of domain-specific (i.e., memory
and non-memory) and total anosognosia scores with large-
scale network connectivity maps extracted through ICA and
individual ROI maps obtained through seed-based first-level
analysis. The cluster-forming threshold of significance was set at
p = 0.005 uncorrected. Clusters were considered significant only
if they survived a family-wise error (FWE)-corrected threshold of
p < 0.05 (Whitwell, 2009). All statistical models were controlled
for age, years of education, total intracranial volume, and
normalized hippocampal volumes (Cardoso et al., 2013). The

4http://marsbar.sourceforge.net/
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latter served to control for an index of neurodegeneration-
informed disease severity. Peak regions were transposed from
Montreal Neurological Institute coordinates to the Talairach
space, to permit identification through the Talairach Daemon
Client, version 2.4.3 (Lancaster et al., 2000).

RESULTS

Demographics
Demographic and sample characteristics are reported in Table 1.

Large-Scale Network Results
Significant associations emerged in some of the networks of
interest (the extent of the clusters in voxels is indicated with
k). Negative associations were found between expression of the
l-FPN and both memory (k = 298, p = 0.02) and total anosognosia
scores (k = 375, p = 0.006). These were in limbic-occipital regions,
namely the left lingual gyrus and left posterior cingulate (Table 2
and Figure 1). Conversely, a significant positive association was
found between expression of the r-FPN and total anosognosia
(k = 264, p = 0.036). This was located in the left lingual gyrus
and left inferior occipital gyrus (Table 2 and Figure 2). Along the
same directional lines, positive associations were found between
non-memory anosognosia scores and aDMN expression in the
cerebellar culmen, bilaterally (k = 263, p = 0.038), and between
total anosognosia and aDMN expression in the right anterior
cingulate (k = 261, p = 0.039; Table 2 and Figure 3). No significant
associations were found in the pDMN or salience network.

Seed-Based Analyses Results
Memory anosognosia scores were negatively associated with:
right anterior cingulate connectivity in a cluster extending from
the right fusiform gyrus (BA 20) to the caudate (k = 383,
p = 0.025); right hippocampal connectivity in the territory of the
bilateral caudate and right thalamus (k = 394, p = 0.016); and
left hippocampal connectivity in the right dorsolateral prefrontal
cortex (k = 333, p = 0.040). Memory anosognosia scores were
also positively associated with: right precuneal connectivity in

TABLE 1 | Demographic characteristics of the sample.

Variable Mean (SD)/n = 53 Median/n = 53 Range
(min–max)

Age 71.68 (10.20) 77 48–89

Gender (%) (Male/Female) 27 (51%)/26 (49%) − −

Years of education 10.62 (4.05) 11 5–20

Mini-Mental State
Examination

23.38 (3.77) 24 15–30

Total intracranial volume
(mm3)

1422.63 (161.48) 1389.37 1131–1793

Memory anosognosia
scores

1.34 (2.38) 2 −4–6

Non-memory anosognosia
scores

1.04 (1.86) 1 −3–5

Total anosognosia scores 2.38 (3.75) 2 −6–10

TABLE 2 | Results emerging from large-scale brain functional networks obtained
via independent component analysis.

Peak-based
localization

HS Cluster
extent

T Score MNI coordinates FWE
P-value

x y z

l-FPN

Memory
anosognosia (−)

Posterior cingulate
cortex (BA 30)

L 298 4.70 −20 −62 8 0.020

Lingual gyrus (BA
19)

L 4.59 −22 −68 −4

Lingual gyrus (BA
18)

L 3.05 −16 −70 −12

Total
anosognosia (−)

Lingual gyrus (BA
19)

L 375 5.22 −22 −68 −4 0.006

Posterior cingulate
cortex (BA 30)

L 4.49 −24 −62 4

Posterior cingulate
cortex (BA 30)

L 3.75 −14 −66 4

r-FPN

Total
anosognosia (+)

Inferior occipital
cortex (BA19)

L 264 4.89 −40 −74 −14 0.036

Inferior occipital
cortex (BA19)

L 4.50 −36 −80 −10

Lingual gyrus (BA
18)

L 3.36 −16 −84 −12

aDMN

Non-memory
anosognosia (+)

Cerebellum—
culmen

L 263 5.21 −12 −48 −14 0.038

Cerebellum—
culmen

R 4.94 4 −52 −14

Cerebellum—
culmen

L 3.49 −6 −36 −8

Total
anosognosia (+)

Anterior cingulate
cortex (BA 24)

R 261 4.35 10 18 20 0.039

Anterior cingulate
cortex (BA 24)

R 3.70 16 28 16

(−), negative correlation; (+), positive correlation; aDMN, anterior Default Mode
Network; BA, Brodmann Area; FWE, Family-Wise Error; HS, Hemispheric Side;
l-FPN, left Frontoparietal Network; MNI, Montreal Neurological Institute; r-FPN, right
Frontoparietal Network.

the left fusiform and lingual gyri (k = 358, p = 0.028); right
posterior cingulate connectivity in the right inferior occipital
gyrus and cuneus (k = 407, p = 0.025); and left anterior cingulate
connectivity in the precentral and postcentral gyri (k = 346,
p = 0.029). All these results are summarized in Table 3 and
Figure 4.
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FIGURE 1 | Negative correlations between functional connectivity of the left
fronto-parietal network (l-FPN) and (A) memory and (B) total anosognosia.

FIGURE 2 | Positive correlations between functional connectivity of the right
frontoparietal network (r-FPN) and total anosognosia.

Non-memory anosognosia scores were negatively associated
with: right lingual connectivity in the right dorsolateral prefrontal
cortex (k = 590, p = 0.002); right precuneal connectivity
in the right transverse temporal gyrus (BA 41) and in a
caudate-thalamic area (k = 802, p = 0.001). Non-memory
anosognosia scores were positively associated with: left anterior-
cingulate connectivity in the right dorsolateral prefrontal cortex
(k = 434, p = 0.012); left medioprefrontal connectivity in the
right dorsolateral prefrontal cortex (k = 318, p = 0.048); and
left hippocampal connectivity in a left caudate-insular cluster
(k = 354, p = 0.031). All these findings are shown in Table 4
and Figure 5.

Total anosognosia scores, finally, were negatively associated
with left hippocampal connectivity in the right dorsolateral

FIGURE 3 | Positive correlations between functional connectivity of the
anterior default mode network (aDMN) and (A) non-memory and (B) total
anosognosia.

prefrontal cortex (k = 457, p = 0.009), and positively associated
with the left caudate nucleus (k = 330, p = 0.042). These findings
are reported in Table 5 and Figure 6.

DISCUSSION

The present study provides evidence of a specific combination
of functional brain network dynamic changes associated
with multi-domain anosognosia in the early stages of AD.
A better understanding of the functional substrates of domain-
specific anosognosia provides insight into how disconnection
of structures at the basis of the Cognitive Awareness Model
translates into different mechanisms, leading to impairment
of self-awareness.

Functional Connectivity Associated With
Memory Anosognosia
Unawareness of memory deficits was linked to specific patterns
of functional connectivity of large-scale neural networks and
region-to-region pathways. Memory anosognosia scores were
linked negatively to l-FPN functional connectivity within the left
lingual gyrus and posterior cingulate (a DMN node). In addition,
seed-based models showed a negative link with structures in
the frontotemporal territory, i.e., the right fusiform gyrus (right
anterior cingulate seed, aDMN associated structure), and the
right dorsolateral prefrontal cortex (left hippocampal seed,
DMN associated structure). It appears, therefore, that within
the main human large-scale neural functional networks, there
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TABLE 3 | Neural correlates of memory anosognosia emerging from
functional-connectivity patterns obtained via seed-based analysis.

Peak-based
localization

HS Cluster
extent

T score MNI coordinates FWE
P-value

x y z

Memory anosognosia

Reduced connectivity

Right anterior
cingulate cortex
seed

Caudate R 383 3.96 30 −34 6 0.025

Fusiform gyrus (BA
20)

R 3.76 42 −36 −16

Fusiform gyrus (BA
20)

R 3.54 48 −12 −20

Right
hippocampus
seed

Caudate R 394 4.11 12 14 8 0.016

Thalamus R 3.73 4 −4 4

Caudate R 3.57 14 18 −2

Left
hippocampus
seed

Middle frontal gyrus
(BA 46)

R 333 4.78 46 34 28 0.040

Middle frontal gyrus
(BA 9)

R 4.38 34 38 38

Middle frontal gyrus
(BA 9)

R 3.68 46 26 38

Increased connectivity

Right precuneus
seed

Fusiform gyrus (BA
37)

L 358 4.57 −48 −44 −14 0.028

Fusiform gyrus (BA
20)

L 4.42 −44 −36 −16

Lingual gyrus L 4.05 −26 −66 −4

Right posterior
cingulate cortex
seed

Posterior cingulate
(BA 30)

R 407 4.15 30 −66 6 0.025

Inferior occipital
gyrus (BA 19)

R 3.41 34 −74 −6

Cuneus (BA 17) R 3.39 22 −76 2

Left anterior
cingulate cortex
seed

Postcentral gyrus
(BA 3)

L 346 4.52 −38 −32 58 0.029

Precentral gyrus
(BA 4)

L 4.08 −30 −32 66

Postcentral gyrus
(BA 3)

L 3.85 −22 −36 60

BA, Brodmann Area; FWE, Family-Wise Error; HS, Hemispheric Side; L, Left; MNI,
Montreal Neurological Institute; R, Right.

might be a possible inter-network down-regulation of FPN-
DMN connectivity leading to memory anosognosia. A negative
association was then found in the pathway between the right

caudate and both right anterior cingulate and right hippocampal
seeds. The involvement of temporal cortical structures in early
AD patients presenting with higher memory anosognosia scores
and functional connectivity alterations follows a pattern aligned
with the pathophysiological progression of clinical AD. In this
context, degeneration of the medial temporal lobe induces
disruption of memory performance, but at the same time
neuronal loss in these regions hampers functional interactions
between crucial areas leading to reduced awareness of memory
difficulties (Chavoix and Insausti, 2017). A histopathological
study showed that AD patients with anosognosia had increased
amyloid plaque density in the hippocampal pre-subiculum at
post-mortem (Marshall et al., 2004). This finding, however, could
have been partly driven by the severe pathological changes
that typically affect the medial temporal lobe regions in the
final stages of the disease. Pioneering studies that explored
the neurofunctional substrates of memory anosognosia in
AD through single-photon emission computerized tomography
(Reed et al., 1993; Starkstein et al., 1995; Derouesne et al., 1999;
Hanyu et al., 2008) or positron-emission tomography (Harwood
et al., 2005; Jedidi et al., 2014) have highlighted right frontal
cortical structures as the most consistent neural correlate. In a
functional MRI study by Zamboni et al. (2013), AD patients
showed decreased frontotemporal brain activation in relation
to self-awareness. This evidence is aligned with our findings
detecting an association with frontotemporal connectivity.

Additionally, memory anosognosia scores were also positively
associated with connectivity between the right precuneus seed
and the left lingual and fusiform gyrus and between the left
anterior cingulate seed and left postcentral gyrus. Two recurring
regions from our pattern of findings were the fusiform and
lingual gyri. These structures have also been associated with
anosognosia and reduced brain gray matter volumes in early AD
(Guerrier et al., 2018; Valera-Bermejo et al., 2020). Functional
alterations of the fusiform (Vannini et al., 2017) and lingual
gyrus (Mitelpunkt et al., 2020) have been found to be associated
with anosognosia in AD and might have strong links with
regions within a broader network in charge of sustaining
cognitive awareness. Increased frontal and parietal activity was
found by Ruby et al. (2009) in a functional task-based fMRI
study that showed higher activation in the prefrontal cortex of
healthy controls in relation to AD patients when engaging in
self-awareness tasks, while AD patients had higher activation
of parietal cortices when engaging in tasks based on self-
monitoring activities.

Functional Connectivity Associated With
Non-memory Anosognosia
Anosognosia for executive and everyday-life deficits was
positively associated with aDMN connectivity in the cerebellum.
Increased connectivity in the cerebellar cortex within the aDMN
could contribute to improving the cross-talk with functional
networks that are involved in higher cognitive functions, as it has
been shown that structures in the cerebellum provide substantial
contributions to cognition, e.g., executive functions (Nowrangi
et al., 2014; Xu et al., 2020). Our findings also stress the relevance
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FIGURE 4 | Positive (blue) and negative (red) correlations between brain functional connectivity of selected unilateral seed regions and memory anosognosia scores.

of subcortical structures in contributing to the DMN in the
presence of self-awareness impairment, as evidenced by the role
played by the cerebellum (Buckner et al., 2011; Alves et al., 2019).

Similarly, the more anosognosic, the stronger the functional
connectivity pattern between left anterior brain seeds (anterior
cingulate, a salience network node, and medioprefrontal cortex, a
DMN node) and the right dorsolateral prefrontal cortex (a FPN
node). A positive association was also found in the pattern of left
hippocampal connectivity (DMN associated) with the left insular
cortex (a salience network node) and left caudate. Findings in the
insula show consistency with those in the literature centered on
the neuroscience of self-awareness (Lou et al., 2017). One study
that highlighted gray matter volumetric changes in left insular-
hippocampal regions was carried out by Sánchez-Benavides et al.
(2018) who found that individuals self-assessed as unaware
of cognitive decline had larger gray matter insular volumes
compared with individuals displaying subjective cognitive
decline. Additionally, informant-related reports of cognitive
changes (unrelated to self-awareness status) were associated with
smaller gray matter volume in the left hippocampus. The latter
study provides valuable insights about a link between insular-
hippocampal alterations in psychometrically-normal older adults
and abnormalities in cognitive awareness. While we found higher
connectivity between the left hippocampus and insula in relation
to non-memory anosognosia, Berlingeri et al. (2015) reported
reduced connectivity between these same structures in dementia
patients, but for memory anosognosia. These results indicate that
insulo-mediotemporal regions disconnection might be pivotal
for the onset of anosognosia, with the insula serving as a vicarious
salience system in the presence of unawareness for executive and
daily life functions, and a “mnemonic” hub relating instead to
memory unawareness. Moreover, the insula has been found to be

concomitantly active alongside the prefrontal cortex and anterior
cingulate in tasks requiring self-referential processing, such as
interoception, self-recognition, or socio-emotional awareness
(Craig, 2009; Modinos et al., 2009). Higher connectivity with the
executive fronto-parietal network in this structure has been found
in association with higher scores on tasks involving awareness
of others (tasks of social cognition/theory of mind) in patients
with early stage AD (Valera-Bermejo et al., 2021). The insula,
a core region of the salience network, might up-regulate its
functional connectivity toward regions typically targeted by the
AD etiopathological cascade to support network function, as
a way to allocate additional neural resources in support of
dysfunctional DMN pathways, in an attempt to minimize the loss
of connectivity and, thus, sustain the circuits that are responsible
for acknowledging the presence of illness. In summary, it seems
that non-memory anosognosia might be modulated by the up-
regulation of the executive frontoparietal and salience network
in the presence of a weakened DMN, although any attempted
compensatory effect is ultimately unsuccessful.

Additionally, significant negative associations were found
within the map of right lingual connectivity in the right
dorsolateral prefrontal cortex and within the map of right
precuneal connectivity in right subcortical regions (caudate
and thalamus). The findings of this study bring compelling
evidence of an involvement of the right dorsolateral prefrontal
cortex in modulating awareness of cognitive difficulties, with
both higher connectivity observed in the left frontal lobe
and lower connectivity observed in the right lingual cortex.
The main nodes of the central-executive FPN are centered in
the dorsolateral prefrontal cortex and posterior parietal cortex
(Bressler and Menon, 2010). The dorsolateral prefrontal cortex
has been associated with executive functions and working
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TABLE 4 | Neural correlates of non-memory anosognosia emerging from
functional-connectivity patterns obtained via seed-based analysis.

Peak-based
localization

HS Cluster
extent

T score MNI coordinates FWE
P-value

x y z

Non-memory anosognosia

Reduced connectivity

Right lingual seed

Middle frontal gyrus
(BA 9)

R 590 5.26 32 44 30 0.002

Middle frontal gyrus
(BA 9)

R 4.50 24 54 22

Superior frontal
gyrus (BA 10)

R 3.38 12 54 32

Right precuneus
seed

Transverse
temporal gyrus (BA
41)

R 802 4.98 40 −32 10 0.001

Thalamus R 3.99 24 −24 16

Caudate R 3.99 22 −36 10

Increased connectivity

Left anterior
cingulate cortex
seed

Superior frontal
gyrus (BA 10)

R 434 4.35 20 58 18 0.012

Middle frontal gyrus
(BA 9)

R 3.88 40 46 20

Middle frontal gyrus
(BA 9)

R 3.63 28 40 32

Left medial
prefrontal cortex
seed

Middle frontal gyrus
(BA 9)

R 318 4.59 26 36 22 0.048

Middle frontal gyrus
(BA 9)

R 3.71 30 44 30

Superior frontal
gyrus (BA 9)

R 3.26 20 50 20

Left
hippocampus
seed

Caudate L 354 3.88 −16 −38 20 0.031

Insula (BA 13) L 3.25 −26 −36 24

BA, Brodmann Area; FWE, Family-Wise Error; HS, Hemispheric Side; L, Left; MNI,
Montreal Neurological Institute; R, Right.

memory and a selective age-related vulnerability has been
observed in the older population (MacPherson et al., 2002).
Moreover, the right dorsolateral prefrontal cortex involvement in
AD patients presenting with anosognosia has been evidenced in
the current literature across multiple neuroimaging approaches
(Reed et al., 1993; Starkstein et al., 1995; Ries et al., 2012).
There is evidence that this region is part of an executive-
control network that, in conjunction with the anterior cingulate
cortex, coordinates behavior aimed at accomplishing life-related

objectives (Cohen et al., 2000; Amanzio et al., 2011; Xu et al.,
2020). In addition, the contribution of the dorsolateral prefrontal
cortex to declarative memory has been established in AD
(Kumar et al., 2017; Turriziani et al., 2019), as this structure is
involved in working memory for manipulation and updating
of conscious information that operates in close relation with
a central executive system (Funahashi, 2017). Furthermore, the
executive control network appears to rely on cerebro-cerebellar
support in the presence of executive decline (Xu et al., 2020).
Bi-directional dorsolateral prefrontal connectivity (i.e., a positive
association found in contralateral frontal structures and a
negative association found in ipsilateral temporal regions) might
be at the basis of a role played by this region in sustaining
adaptive cognitive control required by abilities such as attention
(Gbadeyan et al., 2016).

Functional Connectivity Associated With
Total Anosognosia
Total anosognosia scores in this early AD sample were negatively
associated with l-FPN expression in the left posterior cingulate,
and seed-based analyses yielded significant negative connectivity
associations between the left hippocampal seed and the right
dorsolateral prefrontal cortex. These findings translate into
changes in inter-network communication; indeed, the posterior
cingulate and hippocampal regions are intrinsically associated
with the DMN while the dorsolateral prefrontal cortex supports
the executive fronto-parietal network (Bressler and Menon, 2010;
Alves et al., 2019). Therefore, these findings provide evidence
of reduced inter-communication between the DMN and the
executive fronto-parietal networks.

Positive associations were found with r-FPN expression in
the left inferior lingual gyrus and adjacent inferior occipital
cortex, and between the aDMN expression in the right anterior
cingulate (a salience network node). Therefore, total anosognosia
might be the symptomatic expression of abnormally increased
up-regulation of DMN-Salience inter-network connectivity in
support of cognitive shifting of reduced self-related internal
abilities to external salient stimuli. In addition, seed-based
analyses revealed positive significant connectivity associations
between the left hippocampal seed and the left caudate nucleus.
The interplay between the fronto-parietal network and the lingual
gyrus is in line with a hypothesis of frontally-mediated control
of disorders of awareness. The lingual gyrus is a region essential
for visual perception (Yang et al., 2015), but it also plays an
executive role, as shown in a study that reported activation during
a divergent thinking paradigm (Zhang et al., 2016).

A comprehensive overview of the results in the present
study indicates that the anterior cingulate cortex has a strong
involvement in the overall clinical manifestation of multi-domain
anosognosia. Structural changes are commonly seen later than
functional changes in the course of AD (Ewers et al., 2011),
but there is, however, evidence that variability in gray matter
of the anterior cingulate cortex is related to non-memory and
total anosognosia in early AD (Valera-Bermejo et al., 2020). The
present rs-fMRI findings extend the involvement of this structure
to anosognosia for multiple cognitive domains. Regardless of
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FIGURE 5 | Positive (blue) and negative (red) correlations between brain functional connectivity of selected unilateral seed regions and non-memory anosognosia
scores.

the methodological approach, the anterior cingulate has been
significantly implicated in modulating levels of awareness of
symptoms in early AD (Hanyu et al., 2008; Amanzio et al., 2011;
Zamboni et al., 2013; Guerrier et al., 2018; Mondragón et al.,
2021). These results show consistency with the premise that

TABLE 5 | Neural correlates of total anosognosia emerging from
functional-connectivity patterns obtained via seed-based analysis.

Peak-based
localization

HS Cluster
extent

T score MNI coordinates FWE
P-value

x y z

Total anosognosia

Reduced connectivity

Left
hippocampus
seed

Middle frontal gyrus
(BA 46)

R 457 4.91 48 32 28 0.009

Middle frontal gyrus
(BA 9)

R 4.70 36 36 40

Middle frontal gyrus
(BA 6)

R 4.35 28 60 60

Increased connectivity

Left
hippocampus
seed

Caudate L 330 3.71 −16 −38 18 0.042

Caudate L 3.57 −22 −30 26

BA, Brodmann Area; FWE, Family-Wise Error; HS, Hemispheric Side; L, Left; MNI,
Montreal Neurological Institute; R, Right.

midline anterior brain structures are essential for self-awareness
and self-referential processing (Northoff et al., 2006; Lou et al.,
2017). Structure and function of the anterior cingulate cortex
could play a significant role alongside the resources deployed as
part of the executive supporting system. This region could serve
a major role in the executive comparator system described within
the Cognitive Awareness Model (Agnew and Morris, 1998), in
which the presence of synaptic dysfunction in anterior midline
structures could generate a mismatch in the perceived reality
and lead, therefore, to an event of cognitive unawareness. On
this note, executive impairment, measured through a composite
neuropsychological score, was shown to be associated with
hypometabolism in the anterior cingulate in patients with a
PET-informed diagnosis of prodromal AD, regardless of the
extent of their amyloid burden (Yoon et al., 2019). Notably, the
anterior cingulate has been found to be centrally involved in
the manifestation of neuropsychiatric symptoms in AD (Boublay
et al., 2016), where anosognosic symptoms are also listed as part
of a spectrum of behavioral disorders that affects this clinical
population (Tagai et al., 2020). In this context, the anterior
cingulate cortex can be considered a core region that modulates
behavior through reward, motivation, and initiation, i.e., the
ability to commence a task (Devinsky et al., 1995). This could
result in patients presenting with self-awareness deficits and
displaying higher behavioral alterations when losing aspects of
their sense of self.

Subcortical Contributions to
Anosognosia
Anosognosia scores were also associated with subcortical
connectivity. Memory anosognosia scores were negatively
associated with connectivity between the frontal and temporal
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FIGURE 6 | Positive (blue) and negative (red) correlations between brain functional connectivity of selected unilateral seed regions and total anosognosia scores.

cortex and the bilateral caudate and right thalamus. Non-
memory anosognosia scores were also negatively associated
with connectivity between the right precuneus and both right
thalamus and caudate. Reduced functional connectivity between
the medioprefrontal cortex and the caudate was also reported to
be associated with the presence of memory anosognosia in early
AD (Ries et al., 2012).

Increased connectivity was evidenced between the left
hippocampus and left caudate. The latter pattern of results was
also replicated when total anosognosia scores were analyzed.
Subcortical contributions have been reported in dementia
patients who overestimate their overall cognitive functions or
during emotional control (Shany-Ur et al., 2014). This finding
has been interpreted in the context of some subcortical regions
being associated with the dopaminergic system that is involved
in reward actions based on self-centered attention, resulting
from life accomplishments (Shany-Ur et al., 2014). Dopaminergic
activity has been proposed to enhance function in paralimbic
structures involved in self-referential processing. Through their
projections, these regions provide subcortical support to medial
frontal cortical regions during conscious self-monitoring (Lou
et al., 2017). Therefore, structural and functional alterations
might result from adaptive, although ineffective, up-regulation
of dopaminergic inputs in a systemic attempt to cope with
symptoms related to unawareness.

In summary, taken together, the pattern of findings suggests
that in the early stage of neurodegeneration there might be a

rearrangement of activity within the main functional network
dynamic interactions that normally support full awareness of
cognitive function. Increases in activity can be interpreted as a
surge in system effort that increases demands on neural resources
without, however, succeeding in sustaining cognitive function.
Increases in neural activity that do not result in successful
performance have been reported before in MCI and early stage
AD (e.g., Gardini et al., 2015) and interpreted as a progressive
maladaptive reorganization of how neural resources are allocated
and an early coping mechanism in response to progressive neural
depletion. An alternative reading of the pattern of findings of this
study would be to interpret them as a reflection of alterations in
the equilibrium of activity between anticorrelated networks, in
this instance the DMN and FPN, expression of their inherent
functions in internal and external mediation, respectively (Fox
et al., 2005). This pattern of alteration among these networks’
dynamic interactions was observed in association with all aspects
of anosognosia in this study. Changes in inter-network activity
expressed as increased connectivity between the DMN and the
salience network, also found in this study in association with
anosognosia, have been previously reported in mild probable AD
dementia (Sarli et al., 2021). It might be suggested, therefore,
that changes in activity in anticorrelated networks would alter
the level of mutual inhibition exerted among their regions
leading to a progressive loss of network integration and, in turn,
to detectable cognitive and functional impairments, including
alterations of awareness.
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FIGURE 7 | Graphical representation of the proposed network dynamic changes that define multi-domain anosognosia in the early stages of AD. ACC, anterior
cingulate cortex; aDMN, anterior Default Mode Network; dl-PFC, dorsolateral prefrontal cortex; FPN, Fronto-Parietal Network; mPFC, medial prefrontal cortex; red
arrows, decreased connectivity; green arrows, increased connectivity.

Limitations
One of the main limitations of this study, and in general of
the field of anosognosia research, is the choice of instrument
to measure this symptom. Although, no method to detect
anosognosia is recognized as the “gold-standard”, the analysis of
discrepancy scores is currently the most accepted methodological
approach (de Ruijter et al., 2020). Discrepancy scoring relies on
the response given by both patient and informant. Caregiver
burden may inadvertently shift the perception of the patient’s
abilities into an over/under-estimation. To rule out this
possibility, we chose to rely on a robust instrument that
has undergone methodological validation. We acknowledge,
however, that there are other ways to assess anosognosia, such as
the discrepancy between subjective estimate of skills and actual
objective performance on a task. Lastly, we cannot completely
rule out the possibility that one of the two sub-scales may have
had a larger impact on the total score than the other. The lack
of large-scale findings within the salience network and pDMN
connectivity might be due to insufficient sample size affecting
statistical power to delineate the functional neural correlates of
multi-domain anosognosia. This was a major reason why we
chose to rely on the supportive evidence provided by seed-
based models.

CONCLUSION

Large-scale brain functional networks and seed-based findings
showed negative fronto-temporal associations, while positive
associations of parieto-temporal connectivity related with level
of awareness of memory dysfunction in early AD. Conversely,

awareness of symptoms within the non-memory (executive and
daily-life) domain was positively linked to connectivity between
the aDMN and cerebellum, between left hippocampus and left
insula and between left medioprefrontal and right dorsolateral
prefrontal cortex. Lastly, the total score reflective of the combined
level of awareness of dysfunction in multiple cognitive and
everyday-life domains showed a positive correlation with fronto-
temporal pathways and with connectivity between the aDMN and
the right anterior cingulate. The prefrontal cortex seems to be a
critical mediator of single and multi-domain anosognosia in the
early stages of AD.

Contextualizing our findings based on the organization into
nodes of the central large-scale brain functional networks, an
overall pattern emerged of reduced interplay between the central
executive FPN and the DMN influencing awareness for memory
dysfunction as well as more globally when the memory and
non-memory domain scores were summed together. On the
other hand, increased intercommunication of the nodes within
an executive system with both the DMN and salience network
was found for non-memory anosognosia (Figure 7). This could
translate into a reorganization of network dynamics in an
attempt of the functional system to support its awareness abilities
hampered by DMN dysfunction mechanisms. The dysfunction
of a central executive comparator that influences levels of
awareness could promote adaptive neural changes of increased
network traffic to broader brain regions such as subcortical and
supporting temporo-occipital territories (fusiform-lingual gyri)
to sustain awareness in the early stages of AD degeneration.
This neural coping attempts, however, do not appear to exert
any behavioral benefit. These early changes in network dynamics
provide insights on the evolution of deficits in awareness in AD
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where subtle alterations can be detected even at a preclinical stage
(Cacciamani et al., 2017). Multi-domain assessment of awareness,
therefore, could potentially provide early signs of worse disease
outcome. In the presence of anosognosia, clinicians should
suspect early brain functional network breakdowns that could
potentially modulate negatively the phenotypical presentation
of the disease and act as a potential trigger of comorbid
neuropsychiatric manifestations. Awareness of the potential
implications of this symptom should lead to better cognitive and
therapeutic interventions.
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Objective: Subjective cognitive decline (SCD) has emerged as one of the first
manifestations of Alzheimer’s disease (AD). However, discrepancies in its relationship
with tests of memory and other cognitive abilities have hindered SCD’s diagnostic utility.
Inter-individual heterogeneity in metamemory, or memory awareness, and the use of
clinical measures of cognition lacking sensitivity to early cognitive dysfunction, may
contribute to these discrepancies. We aimed to assess if the relationship between SCD
and markers of early cognitive dysfunction is moderated by metamemory abilities.

Methods: The sample included 79 cognitively healthy older adults (77% female, 68%
White, and 32% Black participants) with a mean age of 74.4 (SD = 6.1) and 15.9
(SD = 2.7) years of education. Metamemory was assessed using an episodic Feeling
of Knowing test with four 5-item trials. Outcome measures included a resolution metric
defined as a gamma correlation reflecting the accuracy of item-level predictions (“Will
you know the correct answer?”). Early cognitive dysfunction was measured through
the Loewenstein-Acevedo Scale for Semantic Interference and Learning (LASSI-L)
and the Short-Term Memory Binding Test (STMB), measures sensitive to preclinical
AD. SCD was assessed with a 20-item questionnaire that asked participants to
compare themselves to others their age on a 7-point Likert scale. Regression analyses
examined whether a potential relation between SCD and early cognitive dysfunction was
moderated by metamemory.

Results: Subjective cognitive decline was associated with susceptibility to semantic
proactive interference such that greater complaints were associated with increased
susceptibility to semantic proactive interference (b = −0.30, p = 0.003) only.
Metamemory moderated the association between SCD and susceptibility to and
recovery of semantic proactive interference such that those with more accurate
metamemory showed a stronger association between increased complaints and
susceptibility to semantic proactive interference (b = −0.71, p = 0.005; b = −0.62,
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p = 0.034). Metamemory, however, did not moderate the association of SCD with
retroactive semantic interference nor short term memory binding.

Discussion: The accuracy of an individual’s metamemory, specifically their ability to
adjust moment to moment predictions in line with their performance, can influence the
extent to which SCD maps onto objective cognition. Such self-referential assessment
should be considered when interpreting SCD.

Keywords: subjective cognitive decline, metamemory, preclinical Alzheimer’s disease, self awareness, early
cognitive dysfunction

INTRODUCTION

Researchers are mapping the earliest end of the Alzheimer’s
disease (AD) continuum to identify patients in a critical window
for therapeutic intervention (Dubois et al., 2016). While in vivo
detection of AD pathologies using biomarkers is central to
this process (Sperling et al., 2011), it is not sufficient given
the imperfect association between neuropathology and clinical
manifestation of disease (Negash et al., 2013). Indeed, at least
a third of cognitively normal older adults have evidence of
pathological AD on autopsy (Negash et al., 2013) or amyloid
imaging (Chételat et al., 2013), and the pathological definition
of AD continues to be debated (de la Torre, 2004; Castellani
and Smith, 2011; Castellani and Perry, 2014). The ongoing
questions and controversies surrounding clinical-pathological
correlations in AD (Castellani and Smith, 2011; Castellani and
Perry, 2014) emphasize the importance of identifying the earliest
clinical manifestations of disease. Subjective cognitive decline
(SCD), defined as the perception of cognitive decline despite
normal performance on traditional neuropsychological testing, is
likely to be one such early manifestation of illness with studies
increasingly pointing to the potential relevance of SCD as an
inexpensive and easily obtainable “pre-clinical” marker of AD
(Geerlings et al., 1999; Reisberg et al., 2008; Sperling et al., 2011;
Rabin et al., 2017; Jessen et al., 2020).

Research in AD as well as in aging generally supports an
association between SCD and objective memory both cross-
sectionally and longitudinally, and there is emerging evidence
of the association between SCD and AD biomarkers (Gilewski
et al., 1990; Hertzog et al., 1990; Pearman and Storandt, 2004;
Beaudoin and Desrichard, 2011; Amariglio et al., 2012; Perrotin
et al., 2012; Hülür et al., 2014; Snitz et al., 2015; Chen et al.,
2019, 2021). However, the utility of SCD as a marker of cognitive
functioning and biomarker status appears to vary as a function
of multiple factors including task factors (e.g., measurement and
operationalization issues) and person factors (e.g., individual
characteristics) which together obscure its association with
objective markers of disease (Schmidt et al., 2001; Jessen et al.,
2010; Tandetnik et al., 2015; Ossenkoppele and Jagust, 2017).
For example, the perceptions that memory is worse than others
of the same age (i.e., age-anchored SCD) maps on more closely
to AD biomarkers than perceptions of memory being bad in
general, or worse than before, for example (Perrotin et al., 2012;
Tandetnik et al., 2015; Chapman et al., 2021). With regard to
person factors, there is recognition that personality and mood are

likely important in the conceptualization of SCD; however, other
factors remained to be explored (Pearman and Storandt, 2004;
Slavin et al., 2010; Merema et al., 2013; Steinberg et al., 2013).

From a self-awareness perspective, SCD may be considered
a hyperaware state (hypernosognosia) indicative of early
dysfunction not yet detectable, or which does not reach a
formal threshold for impairment, on clinical neuropsychological
measures. As disease progresses, disordered awareness in the
form or lack of awareness of deficits (anosognosia) likely follows
SCD in a subset of individuals with mild cognitive impairment;
this disordered awareness can be a prognostic indicator of disease
progression as well as important clinical outcomes (Starkstein,
2014; Vannini et al., 2017; Munro et al., 2018). Knowledge of one’s
own cognitive abilities (e.g., metacognition) has been examined
extensively in healthy young and older adults (Nelson, 1990; Price
et al., 2010; Hertzog and Dunlosky, 2011; Souchay and Isingrini,
2012; Cauvin et al., 2019; Siegel and Castel, 2019; Gagliardi
et al., 2020) and has proven useful in understanding the clinical
phenomenon of anosognosia, particularly disordered awareness
of memory loss (Cosentino et al., 2007; Galeone et al., 2011; Rosen
et al., 2014; DeLozier and Davalos, 2016).

Indeed, several groups have used metamemory testing to
measure memory awareness in AD, and this type of assessment
may offer a unique vantage point into the accuracy of SCD.
As a direct measure of one’s memory awareness, metamemory
is a critical person factor that should be considered in the
interpretation of SCD. Specifically, individuals who demonstrate
good metamemory (i.e., who have good awareness of their actual
memory function), may be expected to have a more accurate
subjective report of cognitive decline than those who have
poor metamemory. Despite its clear relevance for understanding
the prognostic relevance of SCD, metamemory has rarely been
examined in relation to SCD (Buckley et al., 2016; Vannini et al.,
2019; Chi et al., 2020; Gagliardi et al., 2020), perhaps because
metamemory as a construct evolved primarily in the field of
cognitive psychology and is not a formal component of clinical
neuropsychological evaluations (Sunderaraman and Cosentino,
2017; Chapman et al., 2020).

The aim of this paper is to examine the extent to which
metamemory moderates the relation between SCD and objective
memory. As performance on traditional neuropsychological
assessments of memory is by definition “normal” in individuals
with SCD, we must utilize more challenging and sensitive
neuropsychological tests to more rigorously examine the
accuracy of SCD. The current study includes two memory
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measures shown to be sensitive to SCD as well as to
AD biomarkers among clinically normal older adults. As
stated above, our hypothesis postulates that those with better
metamemory will have more accurate SCD; defined as a stronger
association between SCD and objective memory testing on
sensitive tasks.

MATERIALS AND METHODS

Participants
Participants included in this study were selected from a larger
cohort that comprises 157 participants recruited from the
Columbia University Medical Center Aging and Dementia
Neurology Clinic (n = 12) and ongoing aging studies at Taub
Institute at Columbia University (n = 145). Two clinical cases
were referred to the neurology clinic through a memory-
concern screener administered in the Columbia University
Department of Obstetrics and Gynecology. Referral studies
included the Alzheimer’s Disease Research Center (n = 73),
Washington Heights Inwood Columbia Aging Project (n = 35),
Testing Olfaction in Primary care to detect Alzheimer’s
disease and other Dementias (n = 11), and Cognitive Reserve
and Reference Ability Neural Network studies (n = 22),
Imaging inflammation in elders with different clinical and
biomarker profiles of Alzheimer’s disease (n = 2) Concerns
About Memory Problems (n = 2). To be included in the
current study, participants were required to have performed
within normal limits on standard neuropsychological testing
(demographically adjusted z-scores above −1.5) within the last
12 months (see Supplementary Table 1 for neuropsychological
screening measures). Exclusion criteria included past or current
history of neurological conditions such as aneurysm, stroke,
traumatic brain injury, epilepsy, etc. This study was reviewed
and approved by Columbia University’s Institutional Review
Board (Protocol AAAR5197). Participants provided written
informed consent.

Subjective Cognitive Decline
Subjective cognitive decline was measured using a 20-item, age-
anchored scale previously shown to detect a range of self-reported
cognitive problems among cognitively normal older adults (see
Chapman et al., 2021 for full description). In brief, the scale
comprises 10 items assessing aspects of episodic memory, and
10 non-memory items covering aspects of attention, language,
spatial function, and executive abilities. Participants are asked
to judge the extent to which they have difficulty with each item
as compared to others their age. Responses are given ordinally
(0 = no problem – 6 = major problem) with a total score
ranging from 0 to 120. Higher scores represent more subjective
cognitive problems.

Cognitive Markers of Subtle Cognitive
Dysfunction
Short-Term Memory Binding
The short-term memory binding task (STMB) assesses the
integration of multi-modal information in short-term memory

(Parra et al., 2010, 2011). Specifically, this task assesses the ability
to integrate two features of a stimulus (shape and color) and hold
this representation in short-term memory (Parra et al., 2010). The
STMB has been shown to be robust against age effects (Parra
et al., 2009) and is specific to AD dementia (Della Sala et al.,
2012) showing high sensitivity and specificity for pre-clinical
AD (Parra et al., 2010). The main outcome of the STMB task
represents total stimuli correctly recognized, ranging from 0 to 16
with higher scores indicating better performance (see Parra et al.,
2009 for full description). To ensure the validity of the STMB
outcome measure, participants are required to pass a practice
trial in which they need to integrate shape and color with no
demands on short-term memory. The ability to integrate these
two features has been associated primarily with posterior parietal-
occipital regions implicated in the ventral visual stream, regions
hypothesized to be affected during the sub-hippocampal stages of
AD, which suggests the task can detect the earliest stages of AD
development (Parra et al., 2014).

The Loewenstein-Acevedo Scales of Semantic
Interference and Learning
The Loewenstein-Acevedo Scales of Semantic Interference and
Learning (LASSI-L) (Crocco et al., 2014) is a newly developed
list-learning test that measures proactive semantic interference,
retroactive interference, and the ability to recover from proactive
semantic interference. Participants first read aloud a list of 15
words, List A, from three semantic categories: fruits, musical
instruments, and articles of clothing. This is followed by a cued
recall, with the three semantic categories as cues (“Can you tell
me all the words on the list that were fruits?”). List A is then
read again, followed by another cued recall. Then participants
are presented with a new set of 15 words, List B, from the same
semantic categories (fruits, musical instruments, and articles
of clothing), followed by recall (B1, susceptibility to proactive
semantic interference). The participants are presented with List
B again, and recall (B2, recovery from semantic interference).
Immediately following B2, participants are asked to recall all of
the words from List A (A3, susceptibility to retroactive semantic
interference). These three primary outcome measures (B1, B2,
and A3) were included because they associate with biomarkers
of AD such as amyloid load and volumetric loss. Specifically,
this task has been shown to associate with amyloid accumulation
in AD vulnerable regions such as the cingulate, precuneus, and
frontal lobe in addition to volumetric and cortical reduction in
the medial temporal lobe regions including the hippocampus
(Loewenstein et al., 2016; Crocco et al., 2018).

Metamemory
Metamemory was assessed with a modified feeling of knowing
(FOK) (Cosentino et al., 2007). This task is comprised of four
trials with five fictional trivia items per trial (e.g., Cole Porter
attended law school in Chicago). Participants are instructed as
follows: “During this task, I am going to tell you about five people.
I will tell you their name and something about their background.
Your task is to try to remember this information as best you
can. Please listen carefully”). Following the first learning trial of
the five fictional trivia, participants are queried regarding each
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of the five items, one at a time in a random order (e.g., Who
attended law school in Chicago?). For each item, the examiner
asks participants to estimate the likelihood of knowing the right
answer (FOK judgment; “There are eight possible answers on
the next page). Will you know which one is right (“Yes, Maybe,
or No?”). After each individual FOK judgment, participants are
asked to identify the correct answer (e.g., Porter) from eight
possible choices including the correct answer as well as seven
distractors. Item level judgments are given ordinal values of 0
(No), 0.5 (Maybe), and 1 (Yes). Memory for each item is scored
as 0 (incorrect) and 1 (correct). There are four learning trials
yielding a total of 20 FOK judgments. This task has been utilized
in both patients with AD and healthy older adults (Cosentino
et al., 2007, 2011a,b).

The primary metamemory outcome derived from this
task is a resolution score representing a person’s ability to
adjust judgments of performance in line with actual memory
performance from one item to the next. This score is calculated
via the Goodman Kruskal gamma statistic; a rank order
correlation assessing the total number of concordances (C) across
the test (instances in which judgments and performance both
increase from one item to another) versus the total number
of discordances (D; judgments for performance decrease when
performance increases and vice versa). Gamma is calculated as
(C − D)/(C + D). Following this formula, tests characterized by
relatively more concordances than discordances will result in a
gamma value closer to 1 (perfect resolution), while the opposite
will result in a gamma value closer to −1. This calculation does
not take into account the number of “ties” across items, that is,
any two items in which either the judgment or memory values are
equal. Therefore, if someone “ties” across all items (e.g., always
judges that they will know the answer), gamma is not calculated
(Cosentino et al., 2007).

Statistical Analyses
All analyses were conducted with IBM SPSS v.26. Descriptive
statistics were conducted for demographic, SCD, metamemory,
and memory measures. Spearman one-tailed correlations were
conducted to examine the bivariate associations between SCD,
gamma and memory. To examine the moderating effect of
metamemory on the association between SCD and memory
outcomes, linear regression models were conducted in complete
case data. Influential univariate outliers (standardized residuals
>3 or <−3) and multivariate outliers (determined through
Mahalanobis distance) were examined for each model. To
test for a specification error in the moderation models,
namely that there is curvilinearity in the relation of each
predictor to the dependent variable, quadratic effects of
both SCD and gamma were included in separate models
(Lubinski and Humphreys, 1990). Next, models were rerun
without cases of gamma = 1 to examine if the frequency
of these cases biased results. Finally, sensitivity analyses were
conducted with imputed case data. A regression based multiple
imputation approach was utilized for imputation. The pooled
data from 25 imputations were utilized to obtain the estimates
of variables in the model. All models were adjusted for
demographic factors including age, self-reported gender, race,

and education. In addition, a False Discovery Rate correction
was implemented to complete cases that adjusted for the
main comparisons of interest in the study which included
demographical associations with main variables of interest, main
effects of SCD and gamma on cognitive outcomes as well as their
interactive effects.

RESULTS

Descriptives
Table 1 summarizes descriptives of demographics, cognitive,
and metacognitive measures in the sample. All participants
completed the SCD questionnaire (n = 157). A total of 156
participants completed the metamemory test, and 1 refused.
Of the 156, 29 participants had ties across their pairs in
the metamemory test and therefore gamma could not be
calculated. The LASSI-L was available for 98 participants, as
it was added to the study battery later. Finally, 9 participants
failed to pass the validity trial for the STMB and one refused
to complete due to color blindness leaving a total sample
of 79 participants with all available measures. Descriptives
are thus provided for these 79 participants with available
data across all measures in Table 1. Demographics were
found to be associated with gamma and cognitive outcomes.
Specifically, age was negatively associated with gamma,
susceptibility and ability to recover from proactive interference
and retroactive interference (r range = −0.20, −0.29, p
range = 0.004, 0.042). Greater levels of educational attainment
were significantly associated with better performance in
trials assessing susceptibility and ability to recover from
proactive interference as well as retroactive interference
(r range = 0.21, 0.36, p range = <0.001, 0.035). With
regards to race, significant differences were observed with
regards to performance in the STMB task only wherein
White participants had higher performance (M = 10.61,
SD = 9.56) than Black participants (M = 9.56, SD = 2.27)
[t(77) = 2.24, p = 0.028], however, this difference did not
withstand adjustment for educational attainment. No differences
were observed in SCD, gamma nor cognitive outcomes
regarding gender.

Bivariate Analyses
Table 2 summarizes bivariate association between SCD,
metamemory and cognitive outcomes. Increased SCD
was associated with worse recall on B1 and A3 indicating
that individuals endorsing more complaints had increased
susceptibility to semantic proactive and retroactive interference.
For sensitivity analyses with imputed data please see
Supplementary Table 2.

Regression Models
Table 3 summarizes main effect models without interaction
terms and Table 4 summarizes results of the interactive effect
of metamemory (gamma) with SCD on cognitive outcomes.
Increased age, SCD, being male and having lower educational
attainment was associated with increased susceptibility to
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TABLE 1 | Demographics, subjective cognitive decline (SCD), memory and
metamemory (n = 79).

M (SD) or n (%) Sample range

Age (years) 74.4 (6.1) 62 – 88

Education (years) 15.9 (2.5) 10 – 20

Gender – female participants 61 (77%)

Race

Black participants 25 (32%) –

White participants 54 (68%) –

SCD (0 – 120) 22.2 (16.9) 0 – 60

Metamemory – gamma (−1 – 1) 0.6 (0.5) −1 – 1

LASSI-L outcomes

LASSI-L B1 (0 – 15) 8.3 (3.0) 1 – 15

LASSI-L B2 (0 – 15) 11.9 (2.6) 6 – 15

LASSI-L A3 (0 – 15) 9.7 (2.5) 4 – 15

STMB 10.2 (2.0) 5 – 14

proactive semantic interference reflected by lower recall on B1.
In the second main effect model with B2 as the outcome,
increased age was associated with reduced ability to recover
from proactive interference. In the third main effect model
examining A3 as an outcome, increased age was associated
with increased susceptibility to retroactive semantic interference.
Finally, in the main effect model of STMB, there were no variables
that individually predicted STMB. With regard to moderation
models, a significant interaction effect of metamemory and
SCD was observed for B1 (susceptibility to proactive semantic
interference) such that individuals with higher levels of
metamemory had a stronger negative association between SCD
and proactive interference. Metamemory’s also moderated the
association SCD and B2 (ability to recover from proactive
semantic interference).

One multivariate outlier was found in the moderation
models with B1 and B2 as outcomes; exclusion of this outlier
did not change results. In order to examine the influence
of gamma = 1, moderation regression models were rerun
without these cases (n = 60); the significant moderation effect
remained. Specifically, the moderating effect of gamma was
significant in models with B1 and B2 as outcomes (p = 0.006;
p = 0.020). Third, in order to examine specification error,
moderation models were rerun with quadratic terms of SCD and

TABLE 3 | Main effect models of SCD, gamma and demographic associations
with LASSI-L and STMB outcomes.

B (SE) Std. B p-value

SCD = >B1

SCD −0.41 (0.14) −0.30 0.003

Gamma −0.28 (0.54) −0.05 0.613

Age −0.14 (0.05) −0.29 0.004

Gender (0 = men, 1 = women) 1.60 (0.68) 0.23 0.020

Education 0.35 (0.13) 0.29 0.008

Race (0 = white, 1 = black) −0.52 (0.68) −0.08 0.450

SCD = >B2

SCD −0.09 (0.13) −0.07 0.514

Gamma −0.14 (0.53) −0.03 0.798

Age −0.12 (0.05) −0.30 0.009

Gender (0 = men, 1 = women) 1.08 (0.65) 0.18 0.101

Education 0.17 (0.13) 0.17 0.174

Race (0 = white, 1 = black) −0.29 (0.66) −0.05 0.660

SCD = > A3

SCD −0.22 (0.12) −0.19 0.080

Gamma −0.25 (0.49) −0.06 0.606

Age −0.11 (0.04) −0.27 0.015

Gender (0 = men, 1 = women) 0.85 (0.61) 0.15 0.163

Education 0.18 (0.12) 0.19 0.125

Race (0 = white, 1 = black) −0.36 (0.61) −0.07 0.555

SCD = > STMB

SCD −0.14 (0.10) −0.15 0.172

Gamma −0.20 (0.41) −0.05 0.636

Age −0.59 (0.04) −0.18 0.111

Gender (0 = men, 1 = women) 0.39 (0.51) 0.08 0.451

Education 0.14 (0.10) 0.18 0.148

Race (0 = white, 1 = black) −0.74 (0.52) −0.18 0.155

gamma. The moderation effect of gamma remained significant
(p = 0.009) for the model with B1 as an outcome but not B2
where the effect lost significance at the margin (p = 0.055).
Further, given that various measures had missing data, sensitivity
analyses were conducted with all imputed data. Please see
Supplementary Tables 3, 4. Whilst most results remained
consistent, the moderating effect of gamma for models with
B2 as an outcome lost significance (p = 0.085) consistent with
our FDR correction.

TABLE 2 | Bivariate associations between SCD, cognition and metamemory (n = 79).

SCD Metamemory – gamma

r p CI r p CI

Metamemory – gamma −0.05 0.32 −0.26, 0.18 – – –

LASSI-L outcomes

LASSI-L B1 −0.30 0.003 −0.51,−0.08 −0.01 0.470 −0.25, 0.26

LASSI-L B2 −0.07 0.270 −0.31, 0.15 0.012 0.457 −0.19, 0.24

LASSI-L A3 −0.19 0.047 −0.42, 0.03 −0.01 0.457 −0.26, 0.21

STMB −0.15 0.099 −0.36, 0.10 −0.015 0.446 −0.19, 0.20

Confidence intervals (CI) calculated from 1,000 bootstrapping samples. Significant associations bolded.
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TABLE 4 | Moderation models of gamma on SCD’s associations with
cognitive outcomes.

B (SE) Std. B p-value

SCD = >B1

SCD 0.07 (0.21) 0.05 0.745

Gamma 2.90 (1.22) 0.53 0.020

SCD* gamma −0.72 (0.25) –0.71 0.005

Age −0.13 (0.05) −0.26 0.006

Gender (0 = men, 1 = women) 1.50 (0.65) 0.21 0.023

Education 0.33 (0.12) 0.28 0.009

Race (0 = white, 1 = black) −0.64 (0.65) −0.10 0.328

SCD = >B2

SCD 0.27 (0.21) 0.228 0.197

Gamma 2.23 (1.21) 0.474 0.069

SCD* gammaˆ −0.54 (0.25) –0.62 0.034

Age −0.12 (0.05) −0.28 0.013

Gender (0 = men, 1 = women) 1.01(0.637) 0.17 0.117

Education 0.16 (0.122) 0.16 0.197

Race (0 = white, 1 = black) −0.3 (0.642) −0.07 0.555

SCD = >A3

SCD 0.02 (0.20) 0.02 0.924

Gamma 1.30 (1.14) 0.29 0.259

SCD* gamma −0.35 (0.24) −0.43 0.138

Age −0.10 (0.04) −0.26 0.020

Gender (0 = men, 1 = women) 0.81 (0.60) 0.14 0.185

Education 0.17 (0.12) 0.18 0.140

Race (0 = white, 1 = black) −0.42 (0.61) −0.08 0.489

SCD = >STMB

SCD −0.07 (0.17) −0.08 0.682

Gamma 0.28 (0.98) 0.08 0.776

SCD* gamma −0.11 (0.20) −0.16 0.593

Age −0.06 (0.04) −0.17 0.126

Gender (0 = men, 1 = women) 0.37 (0.52) 0.08 0.471

Education 0.14 (0.10) 0.18 0.157

Race (0 = white, 1 = black) −0.76 (0.52) −0.18 0.148

Significant interaction terms bolded. ˆDid not survive FDR correction. *Represents
the interaction terms where SCD is multiplied by metamemory.

DISCUSSION

This study examined the extent to which metamemory
moderated the association between SCD and memory abilities
in older adults. Consistent with previous work showing an
association between SCD and rigorous measures of subtle
cognitive dysfunction (Chapman et al., 2021), bivariate
associations revealed that individuals with higher SCD had
weaker performance on select list learning measures including
greater susceptibility to both proactive interference and
retroactive interference. With regard to the moderating role
of metamemory, results from this study support the idea
that in general, SCD is more strongly linked to memory
abilities among individuals with better metamemory. Indeed,
metamemory moderated the association between SCD and
susceptibility to proactive interference Metamemory did not,
however, moderate the association between SCD and retroactive
interference or short-term memory binding. Below we offer

potential interpretations for these findings and discuss current
issues in the measurement and conceptualization of SCD
more broadly, beginning with the variable associations
between SCD and the memory outcomes selected for
the current study.

The selective associations between SCD and only two of
four memory outcomes, all previously shown to be sensitive
to preclinical AD (Parra et al., 2010; Loewenstein et al.,
2016; Crocco et al., 2018), was somewhat unexpected. For
example, both proactive and retroactive interference on the
LASSI-L have been linked to total cortical loading of amyloid
and the precuneus specifically, among cognitively normal
older adults (Loewenstein et al., 2016). In fact, the ability
to recover from proactive interference has repeatedly been
shown to be more sensitive to pre-clinical AD than other
LASSI markers (Loewenstein et al., 2016, 2017). It is thus
not immediately clear why SCD relates differently to each
of these metrics. Susceptibility to proactive interference,
associated with SCD in the current study, is assessed by
measuring recall of List B after two study trials of List
A. Recovery from proactive interference, not currently
associated with SCD, is defined as recall of List B after its
second presentation. It may be that in the current cognitively
normal sample, there is little variability in performance
after studying this list twice, limiting the degree to which
it maps onto SCD. Indeed, average scores were higher
(11.9) and the minimum score higher (6) than on the
susceptibility metric (8.3 and 1, respectively). Nevertheless,
the selective associations between SCD and increased
susceptibility to proactive and retroactive interference
may reflect specific early dysfunctions in cognitive control
mechanisms. Previous research has shown that individuals
with reduced working memory capacity (Rosen and Engle,
1998; Brewin and Smart, 2005) or inhibitory control (Anderson
et al., 2000; Anderson, 2003; Anderson and Levy, 2007)
tend to be more susceptible to interference effects and
intrusive thoughts. Subtle changes in these cognitive control
mechanisms could impact the use of specific and more
effective retrieval mechanisms (Anderson and Levy, 2007;
Unsworth, 2016, 2019).

Unexpectedly, SCD was also unrelated to short-term
memory binding, the latter measure having previously
been associated with SCD in a subset of this same cohort
(Chapman et al., 2021). It is important to keep in mind,
however, that while both the LASSI-L and STMB are
sensitive to preclinical AD, their neural underpinnings
are not synonymous. As highlighted earlier, LASSI-L
measures have been associated with amyloid load in key
AD regions such as cingulate, precuneus, frontal lobe as
well as volumetric and cortical integrity of medial temporal
lobe regions including the hippocampus. In contrast,
the STMB has been associated primarily with posterior
parietal-occipital regions implicated in the ventral visual
stream, regions hypothesized to be affected during the sub-
hippocampal stages of AD (Parra et al., 2014). As such,
depending on the regional distribution of potential brain
changes among individuals in a given sample, the extent to
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which SCD maps onto one or another cognitive measure
will likely differ.

The inconsistency of metamemory as a moderator was also
unexpected. While the size and direction of the moderation effect
were generally comparable across different outcome measures,
the moderating effect was only significant for SCD and measures
of proactive interference (susceptibility to and recovery from),
but not retroactive interference or short-term memory binding.
There are several factors that could have led to this discrepancy.
First, the link between SCD and memory itself is variable as
discussed above. It may not be feasible to detect a significant
moderation effect in situations where SCD is not even weakly
associated with a specific memory outcome, as was the case
for STMB in the current study. A second potential issue is
that metamemory itself is heterogeneous, consisting of two
broad categories: monitoring (i.e., what you know about your
memory) and control (i.e., how you manage your memory).
Monitoring, the focus of the current study, is itself multi-
dimensional and can be operationalized in a number of ways
that capture individuals’ confidence level (i.e., calibration) as well
as their ability to adjust their expectations for performance as
it varies over the course of a test (i.e., resolution). Furthermore,
metamemory can be measured at different levels including
an item-by-item basis (e.g., will you know the answer to this
question?), or a summary level (e.g., how many answers will
you know overall?) as well as at different points in time,
including prior to or following memory performance (Nelson,
1984, 1990). Different studies have revealed nuances in the
correlates of individual metamemory measures depending on a
variety of factors including the score that is used (calibration
versus resolution), the level at which it is measured (item
versus summary), and the population in which it is measured
(cognitively normal older adults versus AD) (Kikyo et al.,
2002; Maril et al., 2003; Kikyo and Miyashita, 2004; Chua
et al., 2006, 2009; Cosentino et al., 2007; Bertrand et al.,
2018). From a cognitive perspective, aging studies have shown
that confidence in retrieval judgments may be susceptible
to variations in memory functioning (Hertzog et al., 2010,
2021). In line with this, reduced memory abilities in older
adults may limit their access to diagnostic cues necessary
to make accurate metacognitive judgments (Dunlosky and
Metcalfe, 2008). Alternatively, older adults might have access
to adequate cues but be unable to make valid inferences to
reach accurate metacognitive judgments, possibly due to age-
related changes in pre-frontal networks (Perrotin et al., 2008;
Thomas et al., 2011; Fleming and Dolan, 2012). Given the
seeming susceptibility in the current cohort to interference
effects, and the moderating effects in this domain, we could also
speculate that early vulnerability in frontal medial regions results
in compromise to inferential judgments and resultingly to less
accurate metacognitive judgments. Additional work is needed to
tease apart the underlying cognitive as well as neuroanatomical
substrates of both the susceptibility to interference and the
moderating effects of metamemory ability.

In conclusion, results partially support our hypothesis that
metamemory would moderate the association between SCD and
memory performance, and provide rationale for consideration

of metamemory when evaluating the accuracy of SCD. However,
this study was not without limitations. First, the current sample
included only participants with all available measures which
reduced the sample significantly. However, in order to address
this limitation, a multiple imputation approach was conducted
in sensitivity analyses which revealed no significant differences
between the initial model and the imputed model with the
exception of the interactive effect of gamma and SCD on B2,
also indicated in the False Discovery Rate adjusted p-values
applied to complete-case analyses. A second limitation was that
in 24 participants, gamma was not computed due to ties (i.e.,
no variability in either their FOK judgments or performance
accuracy, with the majority of these cases always indicating “yes”
for the FOK judgment with accuracy scores = 1). These cases
could be considered as having perfect metamemory, highlighting
a possible limitation of our task which for some participants
may have a ceiling effect. A greater number of items within
each learning trial would increase the likelihood of calculable
gamma scores and provide a more comprehensive measure of
metamemory in older adults. Another possible limitation was the
relatively low level of SCD reported within this sample, along
with possible ceiling effects on some cognitive measures which
also may have reduced the strength of associations between SCD
and cognition, as well as the moderating role of metamemory.
Finally, the cohort included in this sample primarily included
individuals drawn from other ongoing research studies rather
than individuals presenting to a memory disorders clinic, which
could skew not only the distribution of SCD but the level
of concern regarding SCD, a factor known to increase SCD’s
utility as a maker of preclinical AD (Jessen et al., 2010). Ideally,
this study would have included sensitivity analyses to explore
the effects of community/research recruited versus clinically
recruited. This analysis, however, was not possible given that only
13/157 individuals were clinic recruited. There are numerous
ways in which we are currently tailoring our ongoing study of
SCD, including increasing SCD screenings and referrals from
the community and local clinical practices to enroll individuals
with higher levels of SCD. Moreover, we are tracking participants
longitudinally to examine the extent to which SCD predicts
decline over time, as well as the extent to which change in SCD
is more predictive than a single SCD assessment. The current
literature is mixed; For example, while Drouin et al. (2021) found
that subjective memory change predicted longitudinal memory
change, Hertzog et al. (2018) found that subjective memory
change was more related to current memory complaint rather
than an indicator of actual memory change.

This study also had a number of considerable strengths
including the prospective, rigorous assessment of SCD using
an age-anchored framework shown to relate more closely than
other measurement frameworks (e.g., comparing one’s memory
to 5 years ago) to objective measures of cognition (Perrotin et al.,
2012; Tandetnik et al., 2015; Chapman et al., 2021). Another
notable strength was the inclusion of objective metamemory
testing, as well as two novel memory tests sensitive to pre-
clinical AD, all of which have rarely if ever been combined in a
single cohort. Finally, all participants completed comprehensive
neuropsychological testing to ensure that they did not meet
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criteria for Mild Cognitive Impairment. Ongoing work, in
addition to enriching our sample with individuals who present
to the clinic with complaints, is examining not only the relative
contribution of metamemory as a moderator, but of other person
factors such as mood, personality, and attitudes about aging
(Chapman et al., in preperation). Together, these analyses will
continue to inform the way in which SCD can be optimized as
a marker of pre-clinical AD.

DATA AVAILABILITY STATEMENT

The datasets presented in this article are not readily available
because due to IRB restrictions we cannot share the data.
Requests to access the datasets should be directed to StC,
sc2460@cumc.columbia.edu.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by IRB COLUMBIA UNIVERSITY. The

patients/participants provided their written informed consent
to participate in this study.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

This study was funded by the National Institute on Aging (NIA)
R01 award AG054525-01A1, P30 award AG066462 and the
National Center for Advancing Translational Sciences, National
Institutes of Health, through award UL1TR001873.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2022.787552/full#supplementary-material

REFERENCES
Amariglio, R. E., Becker, J. A., Carmasin, J., Wadsworth, L. P., Lorius, N., Sullivan,

C., et al. (2012). Subjective cognitive complaints and amyloid burden in
cognitively normal older individuals. Neuropsychologia 50, 2880–2886. doi: 10.
1016/j.neuropsychologia.2012.08.011

Anderson, M. C. (2003). Rethinking interference theory: executive control and the
mechanisms of forgetting. J. Mem. Lang. 49, 415–445. doi: 10.1016/j.jml.2003.
08.006

Anderson, M. C., Bjork, E. L., and Bjork, R. A. (2000). Retrieval-induced forgetting:
evidence for a recall-specific mechanism. Psychon. Bull. Rev. 7, 522–530. doi:
10.3758/BF03214366

Anderson, M. C., and Levy, B. J. (2007). “Theoretical issues in inhibition: insights
from research on human memory,” in Inhibition in Cognition, eds D. S. Gorfein
and C. M. MacLeod (Washington: DC: American Psychological Association),
81–102.

Beaudoin, M., and Desrichard, O. (2011). Are memory self-efficacy and memory
performance related? A meta-analysis. Psychol. Bull. 137, 211–241. doi: 10.1037/
a0022106

Bertrand, E., Azar, M., Rizvi, B., Brickman, A. M., Huey, E. D., Habeck, C., et al.
(2018). Cortical thickness and metacognition in cognitively diverse older adults.
Neuropsychology 32, 700–710. doi: 10.1037/neu0000458

Brandt, J. (1991). The hopkins verbal learning test: development of a new memory
test with six equivalent forms. Clin. Neuropsychol. 5, 125–142. doi: 10.1080/
13854049108403297

Brewin, C. R., and Smart, L. (2005). Working memory capacity and suppression
of intrusive thoughts. J. Behav. Ther. Exp. Psychiatry 36, 61–68. doi: 10.1016/j.
jbtep.2004.11.006

Buckley, R. F., Laming, G., Chen, L. P. E., Crole, A., and Hester, R. (2016).
Assessing Error Awareness as a Mediator of the Relationship between Subjective
Concerns and Cognitive Performance in Older Adults. PLoS One 11:e0166315.
doi: 10.1371/journal.pone.0166315

Buschke, H. (1984). Cued recall in Amnesia. J. Clin. Neuropsychol. 6, 433–440.
doi: 10.1080/01688638408401233

Castellani, R. J., and Perry, G. (2014). The complexities of the pathology-
pathogenesis relationship in Alzheimer disease. Biochem. Pharmacol. 88, 671–
676. doi: 10.1016/j.bcp.2014.01.009

Castellani, R. J., and Smith, M. A. (2011). Compounding artefacts with uncertainty,
and an amyloid cascade hypothesis that is ’too big to fail’. J. Pathol. 224,
147–152. doi: 10.1002/path.2885

Cauvin, S., Moulin, C. J. A., Souchay, C., Kliegel, M., and Schnitzspahn, K. M.
(2019). Prospective Memory Predictions in Aging: increased Overconfidence in
Older Adults. Exp. Aging Res. 45, 436–459. doi: 10.1080/0361073x.2019.1664471

Chapman, S., Colvin, L. E., and Cosentino, S. (2020). Translational Aspects of the
Multidisciplinary Study of Metacognition. Transl. Issues Psychol. Sci. 6, 26–31.
doi: 10.1037/tps0000224

Chapman, S., Sunderaraman, P., Joyce, J. L., Azar, M., Colvin, L. E., Barker,
M. S., et al. (2021). Optimizing Subjective Cognitive Decline to Detect Early
Cognitive Dysfunction. J. Alzheimers Dis. 80, 1185–1196. doi: 10.3233/jad-20
1322

Chen, X., Farrell, M. E., Moore, W., and Park, D. C. (2019). Actual memory as a
mediator of the amyloid-subjective cognitive decline relationship. Alzheimers
Dement. 11, 151–160. doi: 10.1016/j.dadm.2018.12.007

Chen, X., Farrell, M. E., Rundle, M. M., Chan, M. Y., Moore, W., Wig, G. S.,
et al. (2021). The relationship of functional hippocampal activity, amyloid
deposition, and longitudinal memory decline to memory complaints in
cognitively healthy older adults. Neurobiol. Aging 105, 318–326. doi: 10.1016/
j.neurobiolaging.2021.04.020

Chételat, G., La Joie, R., Villain, N., Perrotin, A., de La Sayette, V., Eustache,
F., et al. (2013). Amyloid imaging in cognitively normal individuals, at-risk
populations and preclinical Alzheimer’s disease. NeuroImage Clin. 2, 356–365.
doi: 10.1016/j.nicl.2013.02.006

Chi, S. Y., Chua, E. F., Kieschnick, D. W., and Rabin, L. A. (2020). Retrospective
metamemory monitoring of semantic memory in community-dwelling older
adults with subjective cognitive decline and mild cognitive impairment.
Neuropsychol. Rehabil. [Epub Online ahead of print], doi: 10.1080/09602011.
2020.1831552

Chua, E. F., Schacter, D. L., Rand-Giovannetti, E., and Sperling, R. A. (2006).
Understanding metamemory: neural correlates of the cognitive process and
subjective level of confidence in recognition memory. Neuroimage 29, 1150–
1160. doi: 10.1016/j.neuroimage.2005.09.058

Chua, E. F., Schacter, D. L., and Sperling, R. A. (2009). Neural correlates
of metamemory: a comparison of feeling-of-knowing and retrospective
confidence judgments. J. Cogn. Neurosci. 21, 1751–1765. doi: 10.1162/jocn.
2009.21123

Cosentino, S., Metcalfe, J., Butterfield, B., and Stern, Y. (2007). Objective
metamemory testing captures awareness of deficit in Alzheimer’s disease.Cortex
43, 1004–1019.

Cosentino, S., Metcalfe, J., Cary, M. S., De Leon, J., and Karlawish, J. (2011a).
Memory Awareness Influences Everyday Decision Making Capacity about

Frontiers in Aging Neuroscience | www.frontiersin.org 8 March 2022 | Volume 14 | Article 78755294

mailto:sc2460@cumc.columbia.edu
https://www.frontiersin.org/articles/10.3389/fnagi.2022.787552/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2022.787552/full#supplementary-material
https://doi.org/10.1016/j.neuropsychologia.2012.08.011
https://doi.org/10.1016/j.neuropsychologia.2012.08.011
https://doi.org/10.1016/j.jml.2003.08.006
https://doi.org/10.1016/j.jml.2003.08.006
https://doi.org/10.3758/BF03214366
https://doi.org/10.3758/BF03214366
https://doi.org/10.1037/a0022106
https://doi.org/10.1037/a0022106
https://doi.org/10.1037/neu0000458
https://doi.org/10.1080/13854049108403297
https://doi.org/10.1080/13854049108403297
https://doi.org/10.1016/j.jbtep.2004.11.006
https://doi.org/10.1016/j.jbtep.2004.11.006
https://doi.org/10.1371/journal.pone.0166315
https://doi.org/10.1080/01688638408401233
https://doi.org/10.1016/j.bcp.2014.01.009
https://doi.org/10.1002/path.2885
https://doi.org/10.1080/0361073x.2019.1664471
https://doi.org/10.1037/tps0000224
https://doi.org/10.3233/jad-201322
https://doi.org/10.3233/jad-201322
https://doi.org/10.1016/j.dadm.2018.12.007
https://doi.org/10.1016/j.neurobiolaging.2021.04.020
https://doi.org/10.1016/j.neurobiolaging.2021.04.020
https://doi.org/10.1016/j.nicl.2013.02.006
https://doi.org/10.1080/09602011.2020.1831552
https://doi.org/10.1080/09602011.2020.1831552
https://doi.org/10.1016/j.neuroimage.2005.09.058
https://doi.org/10.1162/jocn.2009.21123
https://doi.org/10.1162/jocn.2009.21123
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-787552 March 12, 2022 Time: 10:58 # 9

Chapman et al. Metamemory in Subjective Cognitive Decline

Medication Management in Alzheimer’s Disease. Int. J. Alzheimers Dis. 2011:9.
doi: 10.4061/2011/483897

Cosentino, S., Metcalfe, J., Holmes, B., Steffener, J., and Stern, Y. (2011b). Finding
the self in metacognitive evaluations: metamemory and agency in nondemented
elders. Neuropsychology 25, 602–612. doi: 10.1037/a0023972

Crocco, E., Curiel, R. E., Acevedo, A., Czaja, S. J., and Loewenstein, D. A. (2014).
An Evaluation of Deficits in Semantic Cueing and Proactive and Retroactive
Interference as Early Features of Alzheimer’s Disease. Am. J. Geriatr. Psychiatry
22, 889–897. doi: 10.1016/j.jagp.2013.01.066

Crocco, E. A., Loewenstein, D. A., Curiel, R. E., Alperin, N., Czaja, S. J., Harvey,
P. D., et al. (2018). A novel cognitive assessment paradigm to detect Pre-mild
cognitive impairment (PreMCI) and the relationship to biological markers of
Alzheimer’s disease. J. Psychiatr. Res. 96, 33–38. doi: 10.1016/j.jpsychires.2017.
08.015

de la Torre, J. C. (2004). Is Alzheimer’s disease a neurodegenerative or a vascular
disorder? Data, dogma, and dialectics. Lancet Neurol. 3, 184–190. doi: 10.1016/
s1474-4422(04)00683-0

D’Elia, L., Satz, P., Uchiyama, C. L., and White, T. (1996). Color Trails Test. Odessa,
FL: PAR.

Della Sala, S., Parra, M. A., Fabi, K., Luzzi, S., and Abrahams, S. (2012). Short-
term memory binding is impaired in AD but not in non-AD dementias.
Neuropsychologia 50, 833–840. doi: 10.1016/j.neuropsychologia.2012.01.018

DeLozier, S. J., and Davalos, D. (2016). A Systematic Review of Metacognitive
Differences Between Alzheimer’s Disease and Frontotemporal Dementia. Am.
J. Alzheimers Dis. Other Demen. 31, 381–388. doi: 10.1177/1533317515618899

Drouin, S. M., McFall, G. P., and Dixon, R. A. (2021). Subjective memory
concerns, poor vascular health, and male sex predict exacerbated memory
decline trajectories: an integrative data-driven class and prediction analysis.
Neuropsychology. doi: 10.1037/neu0000784

Dubois, B., Hampel, H., Feldman, H. H., Scheltens, P., Aisen, P., Andrieu, S.,
et al. (2016). Preclinical Alzheimer’s disease: definition, natural history, and
diagnostic criteria. Alzheimers Dement. 12, 292–323. doi: 10.1016/j.jalz.2016.02.
002

Dunlosky, J., and Metcalfe, J. (2008). Metacognition. Thousand Oaks: Sage
Publications.

Fleming, S. M., and Dolan, R. J. (2012). The neural basis of metacognitive ability.
Philos. Trans. R. Soc. Lond. Ser. B Biol. Sci. 367, 1338–1349. doi: 10.1098/rstb.
2011.0417

Gagliardi, G., Houot, M., Cacciamani, F., Habert, M. O., Dubois, B., and Epelbaum,
S. (2020). The meta-memory ratio: a new cohort-independent way to measure
cognitive awareness in asymptomatic individuals at risk for Alzheimer’s disease.
Alzheimers Res. Ther. 12:57. doi: 10.1186/s13195-020-00626-1

Galeone, F., Pappalardo, S., Chieffi, S., Iavarone, A., and Carlomagno, S. (2011).
Anosognosia for memory deficit in amnestic mild cognitive impairment and
Alzheimer’s disease. Int. J. Geriatr. Psychiatry 26, 695–701. doi: 10.1002/gps.
2583

Geerlings, M. I., Jonker, C., Bouter, L. M., Ader, H. J., and Schmand, B. (1999).
Association between memory complaints and incident Alzheimer’s disease in
elderly people with normal baseline cognition. Am. J. Psychiatry 156, 531–537.
doi: 10.1176/ajp.156.4.531

Gilewski, M. J., Zelinski, E. M., and Schaie, K. W. (1990). The Memory Functioning
Questionnaire for assessment of memory complaints in adulthood and old age.
Psychol. Aging 5, 482–490. doi: 10.1037/0882-7974.5.4.482

Hertzog, C., Curley, T., and Dunlosky, J. (2021). Are age differences in recognition-
based retrieval monitoring an epiphenomenon of age differences in memory?
Psychol. Aging 36, 186–199. doi: 10.1037/pag0000595

Hertzog, C., Dixon, R. A., and Hultsch, D. F. (1990). Relationships between
metamemory, memory predictions, and memory task performance in adults.
Psychol. Aging 5, 215–227. doi: 10.1037/0882-7974.5.2.215

Hertzog, C., and Dunlosky, J. (2011). Metacognition in Later Adulthood: spared
Monitoring Can Benefit Older Adults’ Self-regulation. Curr. Dir. Psychol. Sci.
20, 167–173. doi: 10.1177/0963721411409026

Hertzog, C., Dunlosky, J., and Sinclair, S. M. (2010). Episodic Feeling-of-Knowing
Resolution Derives from the Quality of Original Encoding. Mem. Cogn. 38,
771–784. doi: 10.3758/MC.38.6.771

Hertzog, C., Hülür, G., Gerstorf, D., and Pearman, A. M. (2018). Is subjective
memory change in old age based on accurate monitoring of age-related memory

change? Evidence from two longitudinal studies. Psychol. Aging 33, 273–287.
doi: 10.1037/pag0000232

Hülür, G., Hertzog, C., Pearman, A., Ram, N., and Gerstorf, D. (2014). Longitudinal
associations of subjective memory with memory performance and depressive
symptoms: between-person and within-person perspectives. Psychol. Aging 29,
814–827. doi: 10.1037/a0037619

Jessen, F., Amariglio, R. E., Buckley, R. F., van der Flier, W. M., Han, Y., Molinuevo,
J. L., et al. (2020). The characterisation of subjective cognitive decline. Lancet
Neurol. 19, 271–278. doi: 10.1016/s1474-4422(19)30368-0

Jessen, F., Wiese, B., Bachmann, C., Eifflaender-Gorfer, S., Haller, F., Kölsch, H.,
et al. (2010). Prediction of dementia by subjective memory impairment: effects
of severity and temporal association with cognitive impairment. Arch. Gen.
Psychiatry 67, 414–422. doi: 10.1001/archgenpsychiatry.2010.30

Kikyo, H., and Miyashita, Y. (2004). Temporal lobe activations of "feeling-of-
knowing" induced by face-name associations. Neuroimage 23, 1348–1357. doi:
10.1016/j.neuroimage.2004.08.013

Kikyo, H., Ohki, K., and Miyashita, Y. (2002). Neural Correlates for Feeling-of-
Knowing: an fMRI Parametric Analysis. Neuron 36, 177–186. doi: 10.1016/
S0896-6273(02)00939-X

Lezak, M. D. (1995). Neuropsychological Assessment, 3rd Edn. New York, NY:
Oxford University Press.

Loewenstein, D. A., Curiel, R. E., Greig, M. T., Bauer, R. M., Rosado, M., Bowers,
D., et al. (2016). A Novel Cognitive Stress Test for the Detection of Preclinical
Alzheimer Disease: discriminative Properties and Relation to Amyloid Load.
Am. J. Geriatr. Psychiatry 24, 804–813. doi: 10.1016/j.jagp.2016.02.056

Loewenstein, D. A., Curiel, R. E., Wright, C., Sun, X., Alperin, N., Crocco, E.,
et al. (2017). Recovery from Proactive Semantic Interference in Mild Cognitive
Impairment and Normal Aging: relationship to Atrophy in Brain Regions
Vulnerable to Alzheimer’s Disease. J. Alzheimers Dis. 56, 1119–1126. doi: 10.
3233/JAD-160881

Lubinski, D., and Humphreys, L. G. (1990). Assessing spurious "moderator effects":
illustrated substantively with the hypothesized ("synergistic") relation between
spatial and mathematical ability. Psychol. Bull. 107, 385–393. doi: 10.1037/0033-
2909.107.3.385

Maril, A., Simons, J. S., Mitchell, J. P., Schwartz, B. L., and Schacter, D. L.
(2003). Feeling-of-knowing in episodic memory: an event-related fMRI study.
Neuroimage 18, 827–836. doi: 10.1016/s1053-8119(03)00014-4

Merema, M. R., Speelman, C. P., Foster, J. K., and Kaczmarek, E. A. (2013).
Neuroticism (not depressive symptoms) predicts memory complaints in some
community-dwelling older adults. Am. J. Geriatr. Psychiatry 21, 729–736. doi:
10.1016/j.jagp.2013.01.059

Munro, C. E., Donovan, N. J., Amariglio, R. E., Papp, K. V., Marshall, G. A.,
Rentz, D. M., et al. (2018). The Impact of Awareness of and Concern About
Memory Performance on the Prediction of Progression From Mild Cognitive
Impairment to Alzheimer Disease Dementia. Am. J. Geriatr. Psychiatry 26,
896–904. doi: 10.1016/j.jagp.2018.04.008

Negash, S., Wilson, R. S., Leurgans, S. E., Wolk, D. A., Schneider, J. A., Buchman,
A. S., et al. (2013). Resilient brain aging: characterization of discordance
between Alzheimer’s disease pathology and cognition. Curr. Alzheimer Res. 10,
844–851. doi: 10.2174/15672050113109990157

Nelson, T. O. (1984). A comparison of current measures of the accuracy of
feeling-of-knowing predictions. Psychol. Bull. 95, 109–133.

Nelson, T. O. (1990). “Metamemory: a Theoretical Framework and New Findings,”
in Psychology of Learning and Motivation, ed. G. H. Bower (Cambridge, MA:
Academic Press), 125–173. doi: 10.1080/13546805.2016.1167031

Ossenkoppele, R., and Jagust, W. J. (2017). The Complexity of Subjective Cognitive
Decline. JAMA Neurol. 74, 1400–1402. doi: 10.1001/jamaneurol.2017.
2224

Parra, M. A., Abrahams, S., Fabi, K., Logie, R., Luzzi, S., and Sala, S. D. (2009).
Short-term memory binding deficits in Alzheimer’s disease. Brain 132, 1057–
1066. doi: 10.1093/brain/awp036

Parra, M. A., Abrahams, S., Logie, R. H., Méndez, L. G., Lopera, F., and Della Sala,
S. (2010). Visual short-term memory binding deficits in familial Alzheimer’s
disease. Brain 133, 2702–2713. doi: 10.1093/brain/awq148

Parra, M. A., Della Sala, S., Logie, R. H., and Morcom, A. M. (2014). Neural
correlates of shape–color binding in visual working memory. Neuropsychologia
52, 27–36. doi: 10.1016/j.neuropsychologia.2013.09.036

Frontiers in Aging Neuroscience | www.frontiersin.org 9 March 2022 | Volume 14 | Article 78755295

https://doi.org/10.4061/2011/483897
https://doi.org/10.1037/a0023972
https://doi.org/10.1016/j.jagp.2013.01.066
https://doi.org/10.1016/j.jpsychires.2017.08.015
https://doi.org/10.1016/j.jpsychires.2017.08.015
https://doi.org/10.1016/s1474-4422(04)00683-0
https://doi.org/10.1016/s1474-4422(04)00683-0
https://doi.org/10.1016/j.neuropsychologia.2012.01.018
https://doi.org/10.1177/1533317515618899
https://doi.org/10.1037/neu0000784
https://doi.org/10.1016/j.jalz.2016.02.002
https://doi.org/10.1016/j.jalz.2016.02.002
https://doi.org/10.1098/rstb.2011.0417
https://doi.org/10.1098/rstb.2011.0417
https://doi.org/10.1186/s13195-020-00626-1
https://doi.org/10.1002/gps.2583
https://doi.org/10.1002/gps.2583
https://doi.org/10.1176/ajp.156.4.531
https://doi.org/10.1037/0882-7974.5.4.482
https://doi.org/10.1037/pag0000595
https://doi.org/10.1037/0882-7974.5.2.215
https://doi.org/10.1177/0963721411409026
https://doi.org/10.3758/MC.38.6.771
https://doi.org/10.1037/pag0000232
https://doi.org/10.1037/a0037619
https://doi.org/10.1016/s1474-4422(19)30368-0
https://doi.org/10.1001/archgenpsychiatry.2010.30
https://doi.org/10.1016/j.neuroimage.2004.08.013
https://doi.org/10.1016/j.neuroimage.2004.08.013
https://doi.org/10.1016/S0896-6273(02)00939-X
https://doi.org/10.1016/S0896-6273(02)00939-X
https://doi.org/10.1016/j.jagp.2016.02.056
https://doi.org/10.3233/JAD-160881
https://doi.org/10.3233/JAD-160881
https://doi.org/10.1037/0033-2909.107.3.385
https://doi.org/10.1037/0033-2909.107.3.385
https://doi.org/10.1016/s1053-8119(03)00014-4
https://doi.org/10.1016/j.jagp.2013.01.059
https://doi.org/10.1016/j.jagp.2013.01.059
https://doi.org/10.1016/j.jagp.2018.04.008
https://doi.org/10.2174/15672050113109990157
https://doi.org/10.1080/13546805.2016.1167031
https://doi.org/10.1001/jamaneurol.2017.2224
https://doi.org/10.1001/jamaneurol.2017.2224
https://doi.org/10.1093/brain/awp036
https://doi.org/10.1093/brain/awq148
https://doi.org/10.1016/j.neuropsychologia.2013.09.036
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-787552 March 12, 2022 Time: 10:58 # 10

Chapman et al. Metamemory in Subjective Cognitive Decline

Parra, M. A., Sala, S. D., Abrahams, S., Logie, R. H., Méndez, L. G., and Lopera, F.
(2011). Specific deficit of colour–colour short-term memory binding in sporadic
and familial Alzheimer’s disease. Neuropsychologia 49, 1943–1952. doi: 10.1016/
j.neuropsychologia.2011.03.022

Pearman, A., and Storandt, M. (2004). Predictors of subjective memory in older
adults. J. Gerontol. Ser. B Psychol. Sci. Soc. Sci. 59, 4–6. doi: 10.1093/geronb/59.
1.p4

Perrotin, A., Mormino, E. C., Madison, C. M., Hayenga, A. O., and Jagust, W. J.
(2012). Subjective Cognition and Amyloid Deposition Imaging: a Pittsburgh
Compound B Positron Emission Tomography Study in Normal Elderly
Individuals. Arch. Neurol. 69, 223–229. doi: 10.1001/archneurol.2011.666

Perrotin, A., Tournelle, L., and Isingrini, M. (2008). Executive functioning and
memory as potential mediators of the episodic feeling-of-knowing accuracy.
Brain Cogn. 67, 76–87. doi: 10.1016/j.bandc.2007.11.006

Price, J., Hertzog, C., and Dunlosky, J. (2010). Self-regulated learning in younger
and older adults: does aging affect metacognitive control? Neuropsychol.
Dev. Cogn. B Aging Neuropsychol. Cogn. 17, 329–359. doi: 10.1080/
13825580903287941

Rabin, L. A., Smart, C. M., and Amariglio, R. E. (2017). Subjective Cognitive
Decline in Preclinical Alzheimer’s Disease. Annu. Rev. Clin. Psychol. 13, 369–
396. doi: 10.1146/annurev-clinpsy-032816-045136

Reisberg, B., Prichep, L., Mosconi, L., John, E. R., Glodzik-Sobanska, L., Boksay,
I., et al. (2008). The pre-mild cognitive impairment, subjective cognitive
impairment stage of Alzheimer’s disease. Alzheimers Dement. 4, S98–S108. doi:
10.1016/j.jalz.2007.11.017

Reitan, R. M., and Wolfson, D. (1985). The Halstead–Reitan Neuropsycholgical Test
Battery: Therapy and Clinical Interpretation. Tucson, AZ: Neuropsychological
Press.

Rosen, H. J., Alcantar, O., Zakrzewski, J., Shimamura, A. P., Neuhaus, J., and
Miller, B. L. (2014). Metacognition in the behavioral variant of frontotemporal
dementia and Alzheimer’s disease. Neuropsychology 28, 436–447. doi: 10.1037/
neu0000012

Rosen, V. M., and Engle, R. W. (1998). Working Memory Capacity and
Suppression. J. Mem. Lang. 39, 418–436. doi: 10.1006/jmla.1998.2590

Schmidt, I. W., Berg, I. J., and Deelman, B. G. (2001). Relations between subjective
evaluations of memory and objective memory performance. Percept. Mot. Skills
93, 761–776. doi: 10.2466/pms.2001.93.3.761

Siegel, A. L. M., and Castel, A. D. (2019). Age-related differences in metacognition
for memory capacity and selectivity. Memory 27, 1236–1249. doi: 10.1080/
09658211.2019.1645859

Slavin, M. J., Brodaty, H., Kochan, N. A., Crawford, J. D., Trollor, J. N., Draper, B.,
et al. (2010). Prevalence and Predictors of “Subjective Cognitive Complaints” in
the Sydney Memory and Ageing Study. Am. J. Geriatr. Psychiatry 18, 701–710.
doi: 10.1097/JGP.0b013e3181df49fb

Snitz, B. E., Small, B. J., Wang, T., Chang, C.-C. H., Hughes, T. F., and Ganguli,
M. (2015). Do Subjective Memory Complaints Lead or Follow Objective
Cognitive Change? A Five-Year Population Study of Temporal Influence. J. Int.
Neuropsychol. Soc. JINS 21, 732–742. doi: 10.1017/S1355617715000922

Souchay, C., and Isingrini, M. (2012). Are feeling-of-knowing and judgment-of-
learning different? Evidence from older adults. Acta Psychol. 139, 458–464.
doi: 10.1016/j.actpsy.2012.01.007

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan,
A. M., et al. (2011). 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.
Alzheimers Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003

Starkstein, S. E. (2014). Anosognosia in Alzheimer’s disease: diagnosis, frequency,
mechanism and clinical correlates. Cortex 61, 64–73. doi: 10.1016/j.cortex.2014.
07.019

Steinberg, S. I., Negash, S., Sammel, M. D., Bogner, H., Harel, B. T., Livney,
M. G., et al. (2013). Subjective memory complaints, cognitive performance,
and psychological factors in healthy older adults. Am. J. Alzheimers Dis. Other
Demen. 28, 776–783. doi: 10.1177/1533317513504817

Sunderaraman, P., and Cosentino, S. (2017). Integrating the Constructs
of Anosognosia and Metacognition: a Review of Recent Findings in
Dementia. Curr. Neurol. Neurosci. Rep. 17:27. doi: 10.1007/s11910-017-
0734-1

Tandetnik, C., Farrell, M. T., Cary, M. S., Cines, S., Emrani, S., Karlawish,
J., et al. (2015). Ascertaining Subjective Cognitive Decline: a Comparison
of Approaches and Evidence for Using an Age-Anchored Reference Group.
J. Alzheimers Dis. 48, S43–S55. doi: 10.3233/jad-150251

Thomas, A. K., Bulevich, J. B., and Dubois, S. J. (2011). Context affects feeling-
of-knowing accuracy in younger and older adults. J. Exp. Psychol. Learn. Mem.
Cogn. 37, 96–108. doi: 10.1037/a0021612

Unsworth, N. (2016). Working memory capacity and recall from long-term
memory: examining the influences of encoding strategies, study time allocation,
search efficiency, and monitoring abilities. J. Exp. Psychol. Learn. Mem. Cogn.
42, 50–61. doi: 10.1037/xlm0000148

Unsworth, N. (2019). Individual differences in long-term memory. Psychol. Bull.
145, 79–139. doi: 10.1037/bul0000176

Vannini, P., Amariglio, R., Hanseeuw, B., Johnson, K. A., McLaren, D. G.,
Chhatwal, J., et al. (2017). Memory self-awareness in the preclinical and
prodromal stages of Alzheimer’s disease. Neuropsychologia 99, 343–349. doi:
10.1016/j.neuropsychologia.2017.04.002

Vannini, P., d’Oleire Uquillas, F., Jacobs, H. I. L., Sepulcre, J., Gatchel, J., Amariglio,
R. E., et al. (2019). Decreased meta-memory is associated with early tauopathy
in cognitively unimpaired older adults. Neuroimage Clin. 24:102097. doi: 10.
1016/j.nicl.2019.102097

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chapman, Joyce, Barker, Sunderaraman, Rizer, Huey, Dworkin,
Gu and Cosentino. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution or
reproduction in other forums is permitted, provided the original author(s) and the
copyright owner(s) are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 10 March 2022 | Volume 14 | Article 78755296

https://doi.org/10.1016/j.neuropsychologia.2011.03.022
https://doi.org/10.1016/j.neuropsychologia.2011.03.022
https://doi.org/10.1093/geronb/59.1.p4
https://doi.org/10.1093/geronb/59.1.p4
https://doi.org/10.1001/archneurol.2011.666
https://doi.org/10.1016/j.bandc.2007.11.006
https://doi.org/10.1080/13825580903287941
https://doi.org/10.1080/13825580903287941
https://doi.org/10.1146/annurev-clinpsy-032816-045136
https://doi.org/10.1016/j.jalz.2007.11.017
https://doi.org/10.1016/j.jalz.2007.11.017
https://doi.org/10.1037/neu0000012
https://doi.org/10.1037/neu0000012
https://doi.org/10.1006/jmla.1998.2590
https://doi.org/10.2466/pms.2001.93.3.761
https://doi.org/10.1080/09658211.2019.1645859
https://doi.org/10.1080/09658211.2019.1645859
https://doi.org/10.1097/JGP.0b013e3181df49fb
https://doi.org/10.1017/S1355617715000922
https://doi.org/10.1016/j.actpsy.2012.01.007
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1016/j.cortex.2014.07.019
https://doi.org/10.1016/j.cortex.2014.07.019
https://doi.org/10.1177/1533317513504817
https://doi.org/10.1007/s11910-017-0734-1
https://doi.org/10.1007/s11910-017-0734-1
https://doi.org/10.3233/jad-150251
https://doi.org/10.1037/a0021612
https://doi.org/10.1037/xlm0000148
https://doi.org/10.1037/bul0000176
https://doi.org/10.1016/j.neuropsychologia.2017.04.002
https://doi.org/10.1016/j.neuropsychologia.2017.04.002
https://doi.org/10.1016/j.nicl.2019.102097
https://doi.org/10.1016/j.nicl.2019.102097
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-816648 April 9, 2022 Time: 9:44 # 1

BRIEF RESEARCH REPORT
published: 12 April 2022

doi: 10.3389/fnagi.2022.816648

Edited by:
Howard Rosen,

University of California,
San Francisco, United States

Reviewed by:
Christine Bastin,

University of Liège, Belgium
Eric Salmon,

University of Liège, Belgium

*Correspondence:
Giovanna Zamboni

giovanna.zamboni@unimore.it

Specialty section:
This article was submitted to

Neurocognitive Aging and Behavior,
a section of the journal

Frontiers in Aging Neuroscience

Received: 16 November 2021
Accepted: 25 February 2022

Published: 12 April 2022

Citation:
Tondelli M, Benuzzi F, Ballotta D,

Molinari MA, Chiari A and Zamboni G
(2022) Eliciting Implicit Awareness

in Alzheimer’s Disease and Mild
Cognitive Impairment: A Task-Based

Functional MRI Study.
Front. Aging Neurosci. 14:816648.

doi: 10.3389/fnagi.2022.816648

Eliciting Implicit Awareness in
Alzheimer’s Disease and Mild
Cognitive Impairment: A Task-Based
Functional MRI Study
Manuela Tondelli1,2,3, Francesca Benuzzi1, Daniela Ballotta1, Maria Angela Molinari2,
Annalisa Chiari2 and Giovanna Zamboni1,2*

1 Dipartimento di Scienze Biomediche, Metaboliche e Neuroscienze, Università di Modena e Reggio Emilia, Modena, Italy,
2 U.O. Neurologia, Azienda Ospedaliera Universitaria di Modena, Modena, Italy, 3 Dipartimento di Cure Primarie, Azienda
Unitá Sanitaria Locale (AUSL) Modena, Modena, Italy

Background: Recent models of anosognosia in dementia have suggested the
existence of an implicit component of self-awareness about one’s cognitive impairment
that may remain preserved and continue to regulate behavioral, affective, and cognitive
responses even in people who do not show an explicit awareness of their difficulties.
Behavioral studies have used different strategies to demonstrate implicit awareness in
patients with anosognosia, but no neuroimaging studies have yet investigated its neural
bases.

Methods: Patients with amnestic mild cognitive impairment and dementia due to
Alzheimer’s disease underwent functional magnetic resonance imaging (fMRI) during the
execution of a color-naming task in which they were presented with neutral, negative,
and dementia-related words (Dementia-Related Emotional Stroop).

Results: Twenty-one patients were recruited: 12 were classified as aware and 9 as
unaware according to anosognosia scales (based on clinical judgment and patient-
caregiver discrepancy). Behavioral results showed that aware patients took the longest
time to process dementia-related words, although differences between word types were
not significant, limiting interpretation of behavioral results. Imaging results showed that
patients with preserved explicit awareness had a small positive differential activation of
the posterior cingulate cortex (PCC) for the dementia-related words condition compared
to the negative words, suggesting attribution of emotional valence to both conditions.
PCC differential activation was instead negative in unaware patients, i.e., lower for
dementia-related words relative to negative-words. In addition, the more negative the
differential activation, the lower was the Stroop effect measuring implicit awareness.

Conclusion: Posterior cingulate cortex preserved response to dementia-related stimuli
may be a marker of preserved implicit self-awareness.

Keywords: anosognosia, unawareness, implicit awareness, Alzheimer’s disease, dementia
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INTRODUCTION

Patients with mild cognitive impairment (MCI) and dementia
due to Alzheimer’s Disease (AD) may be unaware of their
cognitive and behavioral symptoms. The inability to recognize
or adequately appreciate the severity of deficit in cognitive or
affective functioning is termed “anosognosia” or “impaired self-
awareness” (Prigatano, 2010).

Early imaging studies on anosognosia have mainly looked
at correlations between clinical measurements of anosognosia
and imaging variables capturing brain metabolism (such as 18-
F fluorodeoxyglucose positron emission tomography, FDG-PET)
and brain morphology (such as volumetric MRI) (Zamboni
and Wilcock, 2011; Tondelli et al., 2018). More recent studies
have related measurements of anosognosia to brain functional
connectivity using resting state functional magnetic resonance
imaging (fMRI) (Perrotin et al., 2015; Vannini et al., 2017;
Mondragon et al., 2019). In all these studies, anosognosia was
assessed at an explicit level by measuring the discrepancy between
the patient’s self-report on their performance on cognitive tests
with their actual performance, or between the patient’s opinion
and the opinion of a caregiver or clinician (Tondelli et al., 2018).
The few studies that have used task-based functional magnetic
resonance imaging (fMRI) to explore mechanisms underlying
anosognosia in patients with cognitive impairment have also
adopted functional tasks explicitly eliciting self-reflection (Ries
et al., 2007; Ruby et al., 2009; Zamboni et al., 2013b).

Nevertheless, increasing evidence has shown that some
patients with cognitive impairment are able to adjust their
behavior to their decreased abilities despite the presence of
anosognosia at an explicit level, suggesting the persistence
of mechanisms of awareness on their cognitive difficulties
at an implicit level in dementia, in parallel to models of
implicit awareness in anosognosia for hemiplegia (Cocchini
et al., 2010; Fotopoulou et al., 2010; Geurten et al., 2021).
Using an emotional Stroop paradigm, Martyr et al. found
that patients with dementia as well as their caregivers showed
increased response times to salient words related to dementia
and forgetfulness in comparison to neutral words. Importantly,
this effect in dementia patients was unrelated to the degree
of awareness that they demonstrated in explicit tasks (Martyr
et al., 2011). Similarly, Mograbi et al. (2012b) showed that
patients with AD had preserved emotional reactivity to failure,
both in terms of self-report and facial expression, despite
reduced explicit awareness of performance. Based on this
evidence, the notion of a possible double pathway involving
implicit and explicit self-awareness has been incorporated in
theoretical models of anosognosia in dementia suggesting that
an implicit component, that bypasses explicit awareness, may be
responsible for behavioral and affective regulation even in the
absence of explicit awareness (Mograbi and Morris, 2013, 2014;
Saj et al., 2013).

To our knowledge, no neuroimaging study has yet explored
the neural substrates of implicit anosognosia in cognitively
impaired patients. The purpose of this study was to investigate
the correlates of implicit awareness with an implicit fMRI task
based on a modified emotional Stroop paradigm.

METHODS

Subjects
Patients were recruited from the Cognitive Neurology Clinic
of the Azienda Ospedaliero Universitaria di Modena, Italy.
Clinical diagnoses of MCI due to AD and dementia due to
AD were made according to published criteria (Albert et al.,
2011; McKhann et al., 2011). The degree of cognitive impairment
was assessed by the Mini-Mental State Examination (MMSE,
Folstein et al., 1975) and only patients with MMSE ≥ 22
were recruited. Handedness was assessed by means of the
Edinburgh Inventory (Oldfield, 1971). Exclusion criteria also
included the Hachinski score ≥ 4, prior, current, or past history
of other neurological diseases, neurosurgery, or major psychiatric
disorders (including depression), and the presence of behavioral
disturbances other than anosognosia. The study was approved
by the local ethics committee, and written informed consent was
obtained from participants prior to the experiment, according to
the Declaration of Helsinki.

Measurement of Anosognosia
The presence of anosognosia or lack of overt awareness was
assessed by means of two methods: (I) clinical judgment
evaluated by Clinical Insight Rating Scale (CIRS, Ott et al., 1996),
which defines 4 domains of a patient’s awareness (reason for the
visit, cognitive deficits, functional deficits, and perception of the
progression of deficits) rated by the examiner based on a separate
interview with the patient and the caregiver on a scale from 0
(full insight) to 2 (no insight), and summed to obtain a total score
between 0 and 8; (II) discrepancy score evaluated by Anosognosia
Questionnaire Dementia (AQ-D, Migliorelli et al., 1995). This
consists of 30 questions divided in the cognitive and behavioral
section; the same questions are administered to patients (form
A) and to their caregivers (form B) who are blind to the patient’s
answers and the total AQ-D score is given by the difference
between form B—form A. According to previous reports (Leicht
et al., 2010; Tondelli et al., 2018), we classified patients with
score≥ 2 at CIRS and score≥ 14 at AQ-D as having anosognosia,
i.e., with no overt awareness of their cognitive deficits.

Measurement of Implicit Awareness and
fMRI Paradigm
The task used during the fMRI experiment consisted of a
modified version of the Dementia-Related Emotional Stroop used
by Martyr et al. (2011), which we adapted for use as fMRI
paradigm in the scanner. This is a type of Emotional Stroop
test in which dementia-related words are used to test if they
have greater interference (therefore greater reaction time, RT)
than neutral words, thus providing a measurement of implicit
awareness (Martyr et al., 2011). The task that we developed
consisted of 3 experimental conditions using neutral (e.g., apple,
paper, car), negative (e.g., dramatic, war, hate), and dementia-
related (e.g., dementia, forgetful, disabled) words, respectively.
Words were selected during a preliminary study for stimuli
validation that involved 40 healthy elderly subjects (20 men,
20 women, aged between 35 and 75 years) who were asked to
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FIGURE 1 | Emotional Stroop fMRI paradigm. (A) Graphical representation of the block-design protocol paradigm. (B) Examples of stimuli used in the experiment for
each group of words (from left to right: neutral words, negative words, dementia-related words) and order of presentation within the block.

rate 216 words on the dimension of emotional valence (positive
or negative) and relation to Alzheimer’s Disease (dementia-
related or not related) using a 7 point scale (from-3 to + 3).
Seventy-two words were included in the final modified version
of the Dementia-Related Emotional Stroop: 24 neutral words
were selected from words rating between-0.5 and 0.5 in the
emotional valence questionnaire, 24 negative words were selected
from those rated between-2.5 and -1 in the emotional valence
questionnaire, 24 dementia-related words were selected from
those words rating ≥ 1.5 in the dementia-related questionnaire,
and between-2.5 and -1 in the emotional valence questionnaire
to match emotional negative valence across the two groups of
“emotional” words. Word types were matched on the frequency
of occurrence, length, and concreteness. The fMRI paradigm
was based on a block design: a total of 18 blocks of 12
neutral, negative, or dementia-related words were presented
across three sessions or runs (Figure 1). The order of blocks
was randomized between the sessions. Each word was presented
for 1.7 s and at the beginning and at the end of each session
a fixation cross was presented for 10 s. Stimuli words were
arranged in a 512 × 384 pixel image using Adobe Photoshop
(Adobe Systems Inc.) and were presented centrally on the
screen in three different colors (red, blue, and green) on a

gray background. Under each word, three colored rectangles
arranged horizontally and representing red, blue, and green
buttons from left to right were visible. Figure 1 graphically
summarizes the experimental paradigm. Patients were instructed
to press the button corresponding to the color of the word
by means of an MRI-compatible button-box (Current Design
Inc.); they were also instructed to press the button as fast
as possible but also as correctly as possible. Accuracy and
reaction time data were collected during the scanning sessions
by means of a custom-made software developed in Visual
Basic 61. The same software was used to present stimuli.
Demographical, clinical, and behavioral data were analyzed using
the Stata11 software2 and parametric or non-parametric statistic
was applied as appropriate.

Image Acquisition and Analysis
Data were acquired with a 3T Philips Intera System scanner.
Gradient echo-planar imaging T2∗ -weighted images were
acquired (TR 2,000 ms; FOV 230 mm; 128 × 128 matrix,
voxel size = 3 mm3). A total of 137 volumes were acquired

1http://web.tiscali.it/MarcoSerafini/stimoli_video/
2http://www.stata.com
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for each session. In addition, a high resolution T1-weighted
anatomical image of each subject was acquired to allow
anatomical localization. The volume consisted of 170 sagittal
slices (TR = 9.9 ms; TE = 4.6 ms; in plane matrix = 256 × 256;
voxel size = 1 mm× 1 mm× 1 mm).

Voxel-based morphometry (VBM) was performed using T1-
weighted anatomical images to determine if there were gray
matter (GM) volume differences between aware and unaware
patients that might account for any observed fMRI differences.
VBM was performed using VBM83 a toolbox of SPM84. Briefly,
the individual structural images were segmented into gray matter,
white matter, and cerebrospinal fluid, spatially normalized to
the MNI space using the DARTEL approach (Ashburner, 2007),
with intensity modulation by the amount of contraction to
obtain the local GM corrected for individual brain size, and
spatially smoothed using a 12-mm FWHM Gaussian kernel. An
independent t-test comparison was performed between aware
and unaware patients and statistical significance was evaluated at
p < 0.05 corrected for multiple comparisons using family-wise
error correction.

A functional MRI analysis was performed using Matlab
and SPM8 software (Wellcome Department of Imaging
Neuroscience, London, United Kingdom). The following
preprocessing steps were used: realignment to the first volume
acquired, normalization to the standard SPM template, and
smoothing with a 6 mm full width maximum isotropic Gaussian
kernel to improve the signal-to-noise ratio. Data analysis
was performed modeling three different conditions: neutral
words, generally negative words, and dementia-related words.
Condition effects were estimated according to the general
linear model and region-specific effects were compared using
several linear contrasts. Contrast images for each condition
were entered into a second-level random effect analysis model
and group effect (aware and unaware) was assessed by means
of different two-sample t-test. Age, MMSE score, and disease
duration were entered in the second level model as a covariance
of no effect to prevent possible bias in results analyses due
to disease severity or duration. A double statistical threshold
(voxel-wise p < 0.001 and spatial extent = 47) was adopted
to achieve a combined significance, corrected for multiple
comparisons, of α < 0.05, as computed by 3dClustSim AFNI
routine, using the “-acf” option (see details of procedure at5

and in Forman et al., 1995). Mean beta values were extracted
from the region of interest revealed by the main analysis
(disease-related vs. negative words in aware vs. unaware
patients) and were plotted based on awareness classification.
Mean beta values were also used to perform a correlation
analysis with differential reaction time scores between disease-
related vs. negative words; in this analysis, MMSE and age
were entered as non-interest variable. In addition, a separate
correlation analysis in all patients (irrespective of their clinical
diagnosis and awareness classification) was performed between
anosognosia scores measured with CIRS and functional brain

3http://dbm.neuro.uni-jena.de/vbm/
4http://www.fil.ion.ucl.ac.uk/spm/
5https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html

response for dementia-related words (relative to negative and
neutral words); age, MMSE score, and disease duration were
entered in the model as covariates of no effect and a statistical
threshold of uncorrected p < 0.001 was accepted for this
follow-up analysis.

RESULTS

Twenty-one elderly participants took part in the fMRI study.
Among them, 12 (3 AD and 9 MCI) were overtly aware
of their cognitive deficits whereas 9 patients (5 AD and
4 MCI) presented anosognosia. The two groups of aware
and unaware patients only differed on AQ-D and CIRS
scores; no statistically significant difference was detected in the
global measure of cognitive impairment and demographical
features (Table 1).

Reaction times (RTs) were collected for 16 subjects (9 aware
and 7 with anosognosia), as the recording system failed in five
subjects, limiting the possibility of subsequent classification of
the subjects in implicitly aware vs. implicitly not aware on the
basis of task performance. Subjects took the longest to respond
to dementia-related words (mean 913 ± 205 ms), which was
longer than the time they took to respond to negative (mean
900± 191 ms) and neutral (mean 894± 163 ms) words, although
differences were not statistically significant (p = 0.466). A 2∗3
mixed between-within subjects analysis of variance conducted
to assess the impact of the type of words (neutral, negative,
dementia-related) on subjects’ RT with and without anosognosia
neither showed significant main effects of word type (p = 0.53)
or group (p = 0.56), nor a significant interaction between them
(p = 0.502). No differences in the mean number of errors for the
three types of words and across the two groups of subjects were
detected either.

Comparisons of structural MRI data between aware and
unaware patients performed with VBM did not show any GM
volume difference in the two groups, indicating the absence of

TABLE 1 | Demographic and clinical characteristics of participant.

Aware Unaware Groups

(n = 12) (n = 9) comparison

Demographical and clinical characteristics

Gender F:M 6:6 7:2 p = 0.7

Age (years) 72.4 (± 6.3) 72.3 (± 7.4) p = 0.9

Years of education 6.5 (3–15) 5 (4–8) p = 0.1

Disease duration (years) 4.5 (3–10) 4 (2–7) p = 0.5

MMSE 26.4 (± 1.2) 25 (± 3.7) p = 0.08

AQ-D 7.2 (± 5.7) 23.7 (± 3.6) p < 0.0001

CIRS 0.9 (± 0.9) 6 (± 1.06) p < 0.0001

Reported values are means with standard deviation values in parenthesis for
age, MMSE, AQ-D, CIRS; reported values are median with range in parenthesis
for years of education and disease duration. Comparisons between aware and
unaware groups were performed with Mann–Whitney or independent t-test,
as appropriate, for continuous variables and chi-square tests for dichotomous
variables; a p-value < 0.008 was considered statistically significant after Bonferroni
correction for multiple comparison (shown in bold).
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FIGURE 2 | Group analysis fMRI results. Areas of increased differential signal in response to dementia-related vs. negative words in the comparison between aware
vs. unaware patients (voxel-wise p < 0.001 and cluster size ≥ 47 voxels, as determined by 3dClustSim AFNI routine). R, right. Resulting clusters are superimposed
on the MNI template implemented in SPM8. On the right, box plot of mean beta values extracted from the posterior cingulate cortex (PCC) region of interest in aware
and unaware patients.

potential effects that groups-specific structural differences may
have had on the fMRI results.

In functional MRI analyses, significant results only emerged
from the comparison between groups classified on explicit
awareness. Analysis of functional MRI data showed that aware
patients had greater differential activation for dementia-related
vs. negative words in the posterior cingulate cortex (PCC) relative
to unaware patients (BA 23 and 31, MNI coordinates of peak
voxel: 0, –30, 44, Z value = 3.82, cluster size = 55, Figure 2).
Patients with preserved explicit awareness had a small positive
differential activation for dementia-related vs. negative words in
the resulting PCC region (mean Beta value = 0.02, SD = 0.19,

range –0.24 to 0.35), whereas unaware patients had negative
differential activation in the same region (mean beta = –0.32,
SD = 0.38, range –0.87 to 0.45).

The same region also emerged when contrasting dementia-
related words vs. neutral words in the comparison of aware
relative to unaware patients. No difference in functional activity
was detected in the reverse condition. When comparing
negative to neutral words, no difference in neural activity was
demonstrated between the two groups of patients.

The correlation analysis between mean beta values extracted
from the PCC and differential reaction times between
disease-related vs. negative words showed a positive correlation
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FIGURE 3 | Correlation voxel-wise analysis between anosognosia scores measured with CIRS and functional brain response for dementia-related words (p < 0.001
uncorrected).

(r = 0,516; p = 0.054), suggesting that higher differential
RT (meaning longer disease-related RT) were correlated to
higher PCC activation.

A correlational voxel-wise analysis across the whole brain
showed that CIRS scores (high scores indicate greater severity
of anosognosia) were significantly negatively correlated with
brain response for dementia-related words (relative to negative
words) in the PCC (MNI coordinates peak voxel: 0,–33, 37,
Figure 3). This confirmed that the highest the differential
activation of this region for dementia-related words, the highest
the level of awareness of patients. No significant correlations
emerged from the correlational analysis on disease-related
relative to neutral words.

DISCUSSION

In this study, we investigated the neural responses involved
in implicit awareness of cognitive impairment in patients with
Alzheimer’s Disease by using dementia-related words in a
color-naming task (Dementia-Related Emotional Stroop). We
assumed that in subjects with preserved implicit awareness
dementia-related words would be more emotionally salient
therefore would have greater interference in the task than
neutral words. We found that the difference in the activity
of the posterior cingulate between experimental conditions
(dementia-related words vs. neutral or negative words) was
greater in patients with preserved awareness than in patients
with anosognosia.

The emotional Stroop task is a variant of the Stroop test
that measures the interfering properties of emotionally salient
words in a color-naming task (Williams et al., 1996). The
interference effect arises if the words themselves are of particular
relevance to the responder or induce a feeling of threat, or if
the word has a high emotional valence. The effect is thought
to occur because the emotional salience of the words leads
to a processing bias operating at an automatic pre-attentive
processing level, with emotionally salient words subject to greater
interference than neutral words (Mogg et al., 1989). Emotional
Stroop tasks have been largely used to study attentional

biases in people with borderline personality (Wingenfeld et al.,
2009), and panic disorders (Dresler et al., 2012), but only
one previous behavioral study used the emotional Stroop
paradigm with dementia-related words in dementia patients
(Martyr et al., 2011). The authors suggested that dementia-
related words would be emotionally salient and therefore
would give greater interference effect in patients with preserved
implicit awareness. They demonstrated that dementia-related
words elicited a processing bias in patients with dementia,
since they were slower to respond to dementia-related that
to neutral words.

The main result of our study was that implicit processing of
dementia-related stimuli was associated with greater differential
activation (relative to negative stimuli) of the PCC in the
aware patients than those with anosognosia. More precisely,
in patients with preserved explicit awareness, there was a
small positive difference in the PCC activity between dementia-
related stimuli and negative stimuli, whereas in patients with
anosognosia this difference was negative, i.e., the activation
for dementia-related stimuli was lower than activation for
negative stimuli. Across all patients, such PCC differential
activation correlated with the Stroop effect: the lower the
PCC activation for dementia-related words, the smaller the
difference in reaction time for disease-related relative to negative
words. In other words, patients whose PCC activation for
dementia-related words was comparable to their PCC activation
for negative words showed a Stroop effect, a measure of
implicit awareness.

A separate further imaging analysis still showed that
in the PCC there was a significant voxel-wise correlation
between differential activation for dementia-related relative to
negative words and severity of anosognosia (measured by
CIRS): the highest was CIRS, the more negative was the
difference in the response of the PCC between dementia-related
and negative words.

The role of PCC in the processing of emotional words
is well known. Several task-based fMRI studies conducted
in healthy subjects have consistently shown that the PCC is
activated by stimuli with an emotional or threatening valence
(Maddock et al., 2003a,b). We found that patients who activated

Frontiers in Aging Neuroscience | www.frontiersin.org 6 April 2022 | Volume 14 | Article 816648102

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-14-816648 April 9, 2022 Time: 9:44 # 7

Tondelli et al. fMRI of Implicit Awareness

the PCC also for dementia-related words (and not only for
negative words) were those who were either explicitly aware
or had a longer reaction time in response to dementia-related
words (Stroop effect). Our results suggest that these patients
were able to attribute an emotional or threatening valence
to dementia-related words, i.e., they had preserved implicit
awareness. The PCC is also a key structure of the so-called
default mode network (DMN) (Raichle et al., 2001), one of
the most relevant large-scale resting-state networks that can
be identified with functional MRI acquired at rest, which are
considered blueprints of the functional organization of the
healthy (Fox and Raichle, 2007) and diseased (Zamboni et al.,
2013a; Rolinski et al., 2015) brain. The DMN has been associated
with self-referential processing and introspection (D’Argembeau
et al., 2005; Buckner et al., 2008), as opposed to externally
oriented cognitive tasks. Several studies have shown that DMN
activity is also reduced in patients with AD relative to healthy
controls (Greicius et al., 2004; Zamboni et al., 2013c). The
hypothesis that the DMN may be the RSN whose dysfunction is
associated with anosognosia in AD has been supported by recent
resting-state fMRI studies (Perrotin et al., 2015; Vannini et al.,
2017; Antoine et al., 2019). In particular, these studies showed
an association between anosognosia and decreased functional
connectivity between the PCC and the hippocampus (Perrotin
et al., 2015; Vannini et al., 2017), which are both vulnerable
to early AD neuropathological process (Tondelli et al., 2012).
Older task-based fMRI studies conducted in healthy subjects have
constantly demonstrated the activation of PCC in relation to self-
appraisal (Johnson et al., 2002) and autobiographical memory
(Fink et al., 1996; D’Argembeau et al., 2008). Interestingly,
in the present study, we did not find significant involvement
of the medial prefrontal regions during the execution of our
implicit awareness task, whereas these more anterior regions
have been frequently found in association with the PCC in these
previous task-based fMRI studies using self-appraisal tasks (Ries
et al., 2007). In particular, another task-based fMRI study among
the few conducted in patients with MCI and AD showed an
association between appraisal of one’s own physical, behavioral,
and cognitive traits (self-appraisal) and functional activation
of the medial prefrontal cortex, which was inversely correlated
with measures of explicit anosognosia (Zamboni et al., 2013b).
Compared to these previous task-based fMRI studies which
purposefully investigated explicit domains of self-awareness by
asking patients to give overt judgments on their traits, our
paradigm was aimed at measuring awareness at an implicit
level (Clare et al., 2011; Mograbi et al., 2012a). Thus, the PPC
might represent a key structure for self-referential processing
even in the absence of an explicit act of reflection about oneself.
No previous study has investigated the functional correlates of
implicit awareness in cognitively impaired patients, but it is
plausible that in the absence of an explicit reflection about the self,
the involvement of more posterior regions of the cortical midline
system may emerge, whereas higher-order explicit processing
may rely on more anterior regions such as the medial prefrontal
cortex. Thus, in line with models of anosognosia, the PCC
may possibly be a core structure for the implicit awareness
pathway and serve as the sentinel node within a network

involving lower/implicit and higher/explicit level mechanisms
(Mograbi and Morris, 2013).

The major limitation of our study is that we did not find
significant differences between experimental conditions and
patient groups at the behavioral level, possibly because of the
small sample size, thus limiting the interpretability of the task-
based fMRI results. Nevertheless, it is not uncommon to see fMRI
data in which conditions of interest elicit significant activations
when contrasts are applied, even if in absence of behavioral
differences between conditions. The positive correlation between
PCC activation and reaction times for disease-related words
(a measure of the Stroop effect), as well as the overlap of
the imaging results obtained from comparisons of groups with
those obtained from the correlational analysis with measures of
anosognosia reconciliate the correspondence between imaging
and behavior. They add confidence that our task effectively
captured implicit awareness. Future studies conducted in larger
numbers of patients are, nonetheless, needed to better investigate
mechanisms of implicit awareness in patients with anosognosia,
stratified on the basis of measures of implicit awareness. Another
limitation is the heterogeneity of patients included, both AD
and MCI; however, aware and anosognosic patients did not
show significant differences in cognitive measures and, more
importantly, VBM analysis did not show any difference in
gray matter volume between the two groups, confirming that
our results were not driven by structural brain difference or
disease severity.

In conclusion, by using task-based fMRI with an implicit
awareness paradigm in cognitively impaired patients for the first
time, the present study confirmed the involvement of the PCC
in mechanisms of self-awareness. Our results suggest that PCC-
preserved response to dementia-related stimuli may be a marker
of preserved implicit self-awareness.
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Background: Characterizing self- and informant-reported cognitive complaints, as well
as awareness of cognitive decline (ACD), is useful for an early diagnosis of Alzheimer’s
disease (AD). However, complaints and ACD related to cognitive functions other than
memory are poorly studied. Furthermore, it remains unclear which source of information
is the most useful to distinguish various groups on the AD spectrum.

Methods: Self- and informant-reported complaints were measured with the Everyday
Cognition questionnaire (ECog-Subject and ECog-StudyPartner) in four domains
(memory, language, visuospatial, and executive). ACD was measured as the subject-
informant discrepancy in the four ECog scores. We compared the ECog and ACD scores
across cognitive domains between four groups: 71 amyloid-positive individuals with
amnestic AD, 191 amnestic mild cognitive impairment (MCI), or 118 cognitively normal
(CN), and 211 amyloid-negative CN controls, selected from the ADNI database. Receiver
operating characteristic curves analysis was performed to evaluate the accuracy of the
ECog and ACD scores in discriminating clinical groups.

Results: Self- and informant-reported complaints were generally distributed as follows:
memory, language, executive, and visuospatial (from the most severe to the least severe).
Both groups of CN participants presented on average more memory and language
complaints than their informant. MCI participants showed good agreement with their
informants. AD participants presented anosognosia in all domains, but especially
for the executive domain. The four ECog-StudyPartner sub-scores allowed excellent
discrimination between groups in almost all classifications and performed significantly
better than the other two classifiers considered. The ACD was excellent in distinguishing
the participants with AD from the two groups of CN participants. The ECog-Subject was
the least accurate in discriminating groups in four of the six classifications performed.
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Conclusion: In research, the study of complaint and anosognosia should not be
reduced solely to the memory domain. In clinical practice, non-amnestic complaints
could also be linked to Alzheimer’s disease. The presence of an informant also seems
necessary given its accuracy as a source of information.

Keywords: awareness, metacognition, anosognosia, Alzheimer’s disease, language, executive function, memory,
visuospatial abilities

INTRODUCTION

In the past, Alzheimer’s disease (AD) was clinically defined
as a dementia syndrome (McKhann et al., 1984). The arrival
of biomarkers has allowed a more accurate description of its
pre-dementia stages. Technical and scientific progress has made
it possible to develop increasingly precise diagnostic techniques.
They allow to visualize the patient’s brain in vivo and to
measure pathological hallmarks of AD, such as amyloid and
tau pathology, and its neurodegenerative processes. We now
know that years pass before neuropathology causes cognitive
changes (i.e., preclinical AD, Dubois et al., 2010). The disease
begins to manifest with a transitional or subtle cognitive decline
(Sperling et al., 2011; Jack et al., 2018), meaning that performance
is below the individual’s baseline cognitive level, although
neuropsychological scores are not yet considered pathological.
This condition precedesmild cognitive impairment (MCI, Albert
et al., 2011), also known as prodromal AD (Dubois et al., 2010),
which is instead detectable by neuropsychological testing, and
which in turn precedes dementia.

One of the central pieces of information used to establish
a diagnosis on the AD spectrum is the report of cognitive
complaints from both the patient and the informant, which are
usually collected during the initial clinical interview. History-
taking from the patient and a knowledgeable informant is
necessary, as stated in the current diagnostic criteria for dementia
due to AD (McKhann, 2011), mild cognitive impairment
(Albert et al., 2011), and subjective cognitive decline (Jessen
et al., 2020). Therefore, the characterization of the cognitive
complaints typical of patients with early-stage AD is one of
the most studied topics to better understand the pre-dementia
stages and for better early detection of AD (Jessen et al.,
2020). In fact, the report of a cognitive complaint is one of
the few ways that individuals with early neurodegeneration
come to medical attention (Stewart et al., 2010). Cognitive-
complainers are more likely to have abnormal biomarkers
consistent with AD pathology, e.g., increased amyloid deposition
(Perrotin et al., 2012), decreased metabolism (Mosconi et al.,
2008), and cortical atrophy (Saykin et al., 2006). However,
it is also a condition known to be nonspecific, with a high
prevalence in the general population (Condret-Santi, 2013).
Therefore, investigating the cognitive difficulties reported by
a family member or close friend has also been studied for
this purpose, and appears to be a particularly useful indicator
of AD pathology (Gavett, 2011; Brunet et al., 2019), as well
as for diagnostic accuracy (Gifford, 2015). The combination
of self- and informant-reported cognitive complaints can also
inform about the awareness of cognitive decline (ACD), which

is another crucial information for individuals on the AD
spectrum. Recent studies have shown that patients with early-
stage AD may already present with reduced ACD (Hanseeuw
et al., 2020), leading, in most cases (Turró-Garriga et al.,
2016), to overt anosognosia in late-stage AD. The index
of ACD, calculated for example as the difference between
self- and informant-reports (Cacciamani et al., 2017, 2020),
could provide added value for assessing the risk of AD
in an individual, and function as a good predictor of
future decline.

Due to the high frequency of amnestic AD dementia, research
in the field of cognitive complaints and awareness is highly
focused on episodic memory (Gagliardi et al., 2020; Jessen et al.,
2020). In this context, non-amnestic cognitive complaints are
less studied, but still of interest. First, patients or their families
also report difficulties other than memory problems, such as
language complaints or difficulty retrieving words (Rohrer, 2008;
Montembeault et al., 2022), executive functioning (Valech et al.,
2018), and visuospatial complaints (Mendez, 1990). Secondly,
recent studies have highlighted the relevance of non-amnestic
cognitive complaints in patients on the AD spectrum.

For example, in cognitively unimpaired individuals,
word-finding complaints are as frequent and severe as memory
complaints, and these complaints are more frequent and severe
than executive and visuospatial complaints (Montembeault
et al., 2022). Furthermore, self-reported cognitive complaints
in language and executive function domains have been shown
to help in distinguishing cognitively-normal amyloid-negative
and amyloid-positive controls (La Joie et al., 2016; Valech
et al., 2018; Montembeault et al., 2022). Shokouhi et al. (2019)
investigated whether domain-specific complaints were equally
or differently associated with amyloid and tau pathology in a
group of cognitively-normal elderly individuals. They found that
planning and visuospatial complaints were primarily associated
with tau pathology, whilememory and organizational complaints
were primarily associated with amyloid deposits. This suggests
that domain-specific complaints can be subtended by different
processes (Shokouhi et al., 2019). Nonetheless, additional
evidence across the full AD spectrum is needed to fully establish
if complaints and awareness of non-amnestic domains (language,
visuospatial, executive) are clinically useful. Anosognosia is also
a multidimensional construct (Bertrand et al., 2019; Mayelle
et al., 2022). In Bertrand and collaborators, patients with AD
presented anosognosia regarding their overall medical condition
and executive disorders, but they were well aware of their levels
of disinhibition and apathy (Bertrand et al., 2019). Another
study has shown more severe anosognosia for memory and
activities of daily living alterations in patients with dementia, but
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an under-estimation of function in the socio-emotional domain
(Marková et al., 2014).

While the clinical relevance of self- and informant-reported
cognitive complaints and ACD have been shown, only a very
few studies have investigated which piece of information is
the most useful in distinguishing individuals at different stages
on the AD spectrum. A study by Rueda (2015) compared
the utility of informant- and self-report of cognitively-relevant
functional abilities to discriminate diagnostic groups across the
AD spectrum. They found that informants’ complaints were
systematically more accurate than self-reports in distinguishing
different stages of the disease, and that informant-report was
consistently more associated with objective markers of the
disease than self-reports, although self-reported functional status
may still have some utility in early disease. However, they did
not compare the respective utilities of informant- and self-report
with the utility of ACD to predict the stage of the disease.
Besides, they only used a global score of cognitive abilities
(ECog total score), without considering the predictive values for
each cognitive domain. Answering these questions could guide
researchers and clinicians on the most optimal measures to use
to distinguish these populations, both in terms of sources of
information and specific cognitive domains.

In this study, wemeasured self-reported cognitive complaints,
informant-reported complaints, and ACD across four cognitive
domains (memory, language, visuospatial, executive) and
between 71 amyloid-positive individuals with amnestic
AD, 191 amnestic mild cognitive impairment (MCI) or
118 cognitively normal (CN), and 211 amyloid-negative
CN controls from the ADNI database. Our first objective
was to compare the intensity of self-reported complaints,
informant-reported complaints, and ACD, by cognitive domain
across the AD spectrum. We hypothesize that while episodic
memory complaints will be the most elevated in all groups,
non-amnestic cognitive complaints, especially language
and executive complaints, will also distinguish the different
groups on the AD spectrum and therefore be useful clinically.
Furthermore, we expect AD patients to present anosognosia
in all cognitive domains, but especially in memory and
executive functioning. Our second objective was to measure how
accurately self- and informant-reported complaints and ACD
(i.e., subject-informant discrepancy) in the four investigated
cognitive domains can discriminate the four clinical groups.
We hypothesize that informant-reported cognitive complaints
and ACD will be better than self-reported complaints in
distinguishing clinical groups. Furthermore, demonstrating
that informant-reported complaints and ACD in all cognitive
domains allow for a good prediction of clinical groups will
underline the clinical significance of investigating non-amnestic
domains even in amnestic MCI and AD.

MATERIALS AND METHODS

Participants
Data used in the preparation of this article was obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database
(adni.loni.usc.edu). The ADNI was launched in 2003 as a public-

private partnership, led by Principal Investigator Michael W.
Weiner, MD. The primary goal of ADNI has been to test whether
serial magnetic resonance imaging (MRI), positron emission
tomography (PET), other biological markers, and clinical and
neuropsychological assessment can be combined to measure the
progression of MCI and early AD. For up-to-date information,
see www.adni-info.org.

We selected four groups of participants: amyloid-positive
(Aβ+) individuals diagnosed with AD, MCI, or cognitively-
normal (CN) at baseline, and amyloid-negative (Aβ−) healthy
controls. Participants were considered Aβ+ when they had at
least one positive amyloid marker. Amyloid markers considered
were 8F-AV-45 PET [positive if retention ratio >1.1 (Landau,
2013)], PiB-PET [positive if retention ratio >1.5 (Donohue et al.,
2014)], and CSF [positive if β− amyloid level <192 pg/ml
(Donohue et al., 2014)] No restrictions were imposed based on
their cognitive status. We included Aβ+ subjects with normal
cognition (i.e., subjects at risk of preclinical AD), with a diagnosis
of MCI (or prodromal AD), or with a diagnosis of AD. The
group of healthy controls consisted of cognitively unimpaired
individuals who presented a negative status to all three amyloid
markers considered, using the same reference values indicated
above.

The CN status was reserved for participants with normal
memory on the Wechsler Memory Scaled - Revised (WMS-R)
Logical Memory II (LM II) test, Mini-Mental State Examination
(MMSE) score between 24 and 30 (inclusive), Clinical Dementia
Rating (CDR) = 0, and without significant impairment in
activities of daily living. There was no criterion regarding
memory complaints. Participants were classified as MCI if they
presented subjectivememory concerns as reported by the subject,
their study-partner or clinician, had abnormal memory function
on the WMS-R LM II test, an MMSE score between 24 and
30 (inclusive) and a CDR score = 0.5. Their general cognition
and functional performance were sufficiently preserved so that a
diagnosis of AD could not be made. Diagnosis of AD was made
in participants with a memory complaint confirmed by a study-
partner (or reported only by the study-partner), with abnormal
memory on theWMS-R LM II test, with anMMSE score between
20 and 26 (inclusive), with a CDR score = 0.5 or 1, and who met
the NINCDS/ADRDA criteria for probable AD.

All participants were aged between 55 and 90 years (inclusive),
had completed a minimum of six degrees of education and did
not have vascular dementia, depression, sensory disturbances, or
other medical conditions that could interfere with the study. A
study-partner who had frequent contact with the participant (for
example, an average of 10 h per week or more) also accompanied
him/her to visits and filled out questionnaires. We selected only
participants with a maximum of one missing observation per
cognitive domain for self- and informant-reported complaints
(i.e., only subjects with a maximum of 10% missing data).

Subjective Measures of Cognitive Decline
Subjects and study-partners independently completed two
parallel versions of the Everyday Cognition questionnaire (ECog-
Subject and ECog-StudyPartner; Farias, 2008), which asks to
compare the subject’s current cognitive efficiency with that of
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10 years ago. Four areas are assessed: Memory (eight items,
for example, ‘‘Remembering a few shopping items without a
list’’), Language (nine items, for example, ‘‘Forget the name of
objects’’), Visuospatial ability (seven items, for example, ‘‘Follow
a map to find a new location’’) and Executive functions (15 items
from the planning, organization, and divided attention sub-
scales, for example, ‘‘Plan a sequence of stops on a shopping
trip’’). Answers are on a 4-point scale from 1 (‘‘No change
or performs better than 10 years ago’’) to 4 (‘‘Performs task
much worse than 10 years ago’’). The ECog-Subject and
ECog-StudyPartner scores were calculated by averaging the
responses on the items related to each cognitive domain, with
a possible range between 1 and 4. We also calculated a global
score for the Ecog-Subject and Ecog-StudyPartner by averaging
the four domains.

Awareness of Cognitive Decline (ACD)
As ameasure of ACD, we used the subject-informant discrepancy
(ECog Subject minus ECog-StudyPartner), which we calculated
separately for each of the four ECog sub-scales. This resulted
in four measures of awareness of changes in memory, language,
visuospatial, and executive functions, respectively. We also
calculated a global score for the ACD by averaging the four
domains. The awareness scores ranged from −3 to 3. A score
of zero indicates perfect agreement between the subject and the
study-partner. A score of −3 indicates complete anosognosia
(i.e., ECog-Subject >Ecog - StudyPartner). A score of 3 indicates
an intense cognitive complaint not confirmed by the study-
partner (i.e., ECog-Subject<Ecog-StudyPartner).

Cognitive Scores
We used the MMSE as a global measure of cognitive functioning.
As objective measures of memory, language, executive function
and visuospatial abilities, we used four cognitive composites
developed from the ADNI neuropsychological battery using
item response theory. The memory composite included
the Rey Auditory Verbal Learning Test, AD Assessment
Schedule - Cognition (ADAS-Cog) memory items, MMSE
memory items, and Logical Memory (Crane et al., 2012).
The language composite included the Boston Naming Test,
Category Fluency—animals, Category Fluency—vegetables,
ADAS-Cog language items, MMSE language items, and MoCA
language items (Choi et al., 2020). The visuospatial composite
included the Clock drawing test, ADAS-Cog language items,
and MMSE language items (Choi et al., 2020). The executive
function composite included Category Fluency—animals,
Category Fluency—vegetables, Trails A and B, Digit span
backward, WAIS-R Digit Symbol Substitution, and five
Clock Drawing items (circle, symbol, numbers, hands, time;
Gibbons et al., 2012).

Statistical Analysis
Statistical analyses were performed using RStudio (version
1.2.5033, RStudio, Inc) and IBM SPSS Statistics, Armonk, NY
(version 26.0.0.1). Missing observations in ECog items were
systematically imputed when a maximum of one response
was missing per subscale (i.e., per cognitive domain), which
represents a maximum of 10% of items per subject. Missing

observations were imputed by the mean score of all other items
of the subscale.

Study Population
We used χ2 test for categorical variables and one-way ANOVA
(with Tukey correction) for continuous variables to compare
demographical and clinical data between clinical groups.

Objective 1: Comparison of ECog-Subject,
ECog-StudyPartner, and ACD Between Cognitive
Domains and Clinical Groups
We used a mixed ANOVA design to test the main and
interaction effects of the clinical group (between-subjects factor)
and cognitive domain (within-subjects factor) on the eight
ECog scores (four ECog-Subject, four ECog-StudyPartner) and
the four anosognosia scores, controlling for age, sex, and
education. To explore significant effects, we performed post-hoc
comparisons using one-way ANOVA followed by pairwise t-tests
with Bonferroni correction for multiple comparisons.

Objective 2: Accuracy of Domain-Specific
ECog-Subject, ECog-StudyPartner, and ACD in
Discriminating the Four Groups
Receiver operating characteristic curves (ROC) and the
nonparametric estimate of the area under the ROC (AUC)
based on the trapezoidal rule were used to evaluate the
accuracy of predicting clinical groups using the ECog-Subject,
ECog-StudyPartner, and ACD measures by domain (Hosmer
and Lemeshow, 2000). We, therefore, ran 72 models (four
domains * three sources of information * six discriminations).
Discriminations of interest were structured in a hierarchical
manner, comparing clinical groups with more impairment to
groups with no or less impairment. Specifically, we tested the
discrimination between Aβ− healthy controls and each of the
other clinical groups among Aβ+ subjects (CN, MCI, AD),
between Aβ+/CN, and each of the more impaired clinical groups
(MCI, AD), and between MCI and AD. AUCs were adjusted for
age, sex, and education level. The higher the AUC, the better
the predictor is at distinguishing between two clinical groups.
For each analysis, the specificity corresponding to a sensitivity
of 80% was reported as the optimal cut-off score for that same
sensitivity.

Finally, we tested whether there were significant differences
in the accuracy of the three information sources in each of the
six discrimination tasks mentioned above. We used the DeLong
et al. (1988) method to perform pairwise comparisons between
the accuracy (i.e., the AUCs) of the self-reported complaint,
informant-reported complaint, and ACD. We used global ECog
and ACD scores (and not by cognitive domain) to make the
results more interpretable.

RESULTS

Study Population
We included 380 Aβ+ subjects, distributed as follows: 31%
had normal cognition (Aβ+/CN, n = 118), 50.3% had MCI
(Aβ+/MCI, n = 191), and 18.7% had received a diagnosis of AD
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(Aβ+/AD, n = 71). We also included 211 Aβ−/CN subjects with
normal cognition as healthy controls (Table 1).

Aβ−/CN controls were younger than the other groups
(F(3,587) = 7.376, η2 = 0.036, p < 0.001) and had higher
levels of education than Aβ+/AD subjects (F(3,587) = 5.392,
η2 = 0.027, p = 0.001). Women were overrepresented in the
Aβ+/CN group (about 71%, χ2 = 23.632, p < 0.001 compared
to men). The number of APOE ε4 carriers differed
between groups, F(3,568) = 42.790, η2 = 0.189, p < 0.001
(Aβ−/CN < Aβ+/CN < Aβ+/MCI < Aβ+/AD, the latter
difference not being statistically significant). All further analyses
were controlled for age, sex and education.

The Memory and Executive composites were significantly
different between groups (Aβ−/CN = Aβ+/CN > Aβ+/MCI >
Aβ+/AD; Memory: η2 = 0.51, p < 0.01; Executive: η2 = 0.28,
p< 0.01). The Language and Visuospatial composite scores were
on average significantly lower (indicating greater impairment) in
the AD group than in the other groups (Language: η2 = 0.29,
p< 0.01; Visuospatial: η2 = 0.08, p< 0.01).

Objective 1: Comparisons of
ECog-Subject, ECog-StudyPartner, and
ACD by Cognitive Domain and Clinical
Group
Figure 1 and Table 2 show the patterns of cognitive complaints
(ECog-Subject, ECog-StudyPartner) and ACD across the four
investigated domains (Memory, Language, Visuospatial abilities,
and Executive functions) in the four groups (CN/Aβ+,MCI/Aβ+,
AD/Aβ+, and CN/Aβ−). The analyses for Objective 1 were
controlled for age, sex, and education. Detailed statistical indices
for Objective 1 are available in Supplementary Materials.

ECog-Subject Scores
The effect of the Group*Domain interaction was significant
(F(91,761) = 16.761, partial η2 = 0.016, p< 0.001; Table 2).

In all groups combined, the ECog-Subject
scores were significantly different in each cognitive
domain(F(31,761) = 422.787, partial η2 = 0.131, p < 0.001).
Post-hoc pairwise comparison showed that memory was
globally the domain in which the participants reported the
greatest complaints, followed by language, executive functions,
and finally, visuospatial abilities. The only exception was in
Aβ+/AD participants, in which language and executive function
complaints were not significantly different.

The ECog-Subject scores also differed significantly between
the groups (F(3,587) = 55.175, partial η2 = 0.220, p < 0.001).
Aβ+/CN participants and Aβ-/CN controls reported complaints
of similar intensity, while Aβ+/MCI and Aβ+/AD participants
reported significantly greater difficulties than the two groups of
CN participants. No significant difference was observed between
Aβ+/MCI and Aβ+/AD participants.

ECog-StudyPartner Scores
The effect of the Group*Domain interaction was significant
(F(91,761) = 28.476, partial η2 = 0.018, p< 0.001).

In all groups combined, the ECog-StudyPartner scores
were significantly different in each cognitive domain

(F(31,761) = 270.578, partial η2 = 0.057, p < 0.001). More
specifically, the study-partners reported that memory was
the most impaired cognitive domain in the subjects, followed
by language and executive functions, with no differences
between these two. Complaints regarding visuospatial
abilities were significantly less intense than in the other
domains in Aβ-/CN and Aβ+/MCI, but not in Aβ+/CN
and Aβ+/AD.

The ECog-StudyPartner score also differed significantly
between the groups (F(3,587) = 262.240, partial η2 = 0.573,
p < 0.001). Post-hoc pairwise comparisons showed that study-
partners of Aβ+/CN subjects and Aβ-/CN controls globally
reported complaints of similar intensity, followed by—in
increasing order—Aβ+/MCI and Aβ+/AD.

Awareness of Cognitive Decline
The effect of the Group*Domain interaction was significant
(F(91,761) = 28.476, partial η2 = 0.018, p< 0.001).

In all groups combined, the ACD scores were significantly
different in each cognitive domain(F(31,761) = 42.301, partial
η2 = 0.013, p < 0.001). In both Aβ-/CN and Aβ+/CN,
awareness of memory and language performance was higher
than awareness of visuospatial and executive performance. In
Aβ+/MCI, awareness of memory and language performance was
significantly higher than awareness of executive function, and
awareness of language performance was higher than awareness
of visuospatial performance. Finally, in Aβ+/AD, awareness of
executive performance was significantly poorer than awareness
for visuospatial and language performance.

The ACD also differed significantly between the groups
(F(3,587) = 75.646, partial η2 = 0.279, p< 0.001). Post-hoc pairwise
comparisons showed that Aβ+/AD participants had significantly
lower ACD than all other groups, regardless of the cognitive
domain.

Objective 2: Discriminant Value of
Ecog-Subject, Ecog-StudyPartner, and
Awareness of Cognitive Decline Per
Cognitive Domain
Table 3 summarizes the ROC curve analysis with specificity (at
80% of sensitivity) for each diagnostic comparison. It shows how
accurately the ECog and ACD scores in each cognitive domain
can discriminate clinical groups (six pairwise discriminations
between Aβ-/CN, Aβ+/CN, Aβ+/MCI, and Aβ+/AD groups).

Discriminant Value of ECog-Subject by Domain
ECog-Subject scores performed globally better than chance in
distinguishing between groups, although they did not have
excellent accuracy: the highest AUC was 0.85, AUC above
0.80 was not frequent and specificities were inferior to 69%.

The best performance of the ECog-Subject was in
the discrimination between MCI and Aβ-/CN (AUC
memory = 0.83), betweenAD andAβ-/CN (AUCmemory = 0.85,
AUC executive function = 0.81, AUC visuospatial = 0.81) and
between AD and Aβ+/CN (AUC memory = 0.80, AUC
visuospatial = 0.80).
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TABLE 1 | Baseline characteristics of the participants.

Aβ-/CN Aβ+ (n = 380) p

(controls)a CNb MCIc ADd

(n = 211) (n = 118) (n = 191) (n = 71)

Age [years] 70.92 ± 5.89 (55.8–89)b,c,d 73.34 ± 6.46 (56.5–90.1)a 72.91 ± 6.92 (55-87.8)a 74.61 ± 7.83 (55.6–90.3)a <0.01*
Education [years] 16.85 ± 2.41 (12–20)d 16.48 ± 2.64 (8-20) 16.22 ± 2.79 (9-20) 15.49 ± 2.46 (10-20)a 0.01*
Sex [female] 106 (50.24%)b 84 (71.19%) a,c,d 86 (45.03%)b 31 (43.66%)b <0.01*
APOE-ε4 carriers 45 (21.84%)b,c,d 57 (51.90%)a,c,d 125 (67.02%)a,b 53 (77.94%)a,b <0.01*
MMSE 29.16 ± 1.16 (24–30)c,d 28.97 ± 1.07 (26-30)c,d 27.89 ± 1.84 (19-30)a,b,d 22.73 ± 2.31 (18-26)a,b,c <0.01*
Memory Score 1.1 ± 0.6 (−1.1 to 3.1)c,d 0.98 ± 0.56 (−0.7 to 2.7)c,d 0.25 ± 0.64 (−1.5 to 2.2)a,b,d

−0.92 ± 0.56 (−2.8-0.6)a,b,c <0.01*
Language Score 0.24 ± 0.61 (−1.7 to 0.7)d 0.19 ± 0.57 (−1.5-0.7)d −0.04 ± 0.73 (−2.5 to 0.7)d −0.51 ± 0.95 (−3.2 to 0.7)a,b,c <0.01*
Visuospatial Score 0.97 ± 0.71 (<0.9–3.1) d 0.76 ± 0.69 (−1.2 to 2.8) d 0.29 ± 0.79 (−1.9 to 2.6) d

−0.78 ± 0.92 (−3.7 to 1.6)a,b,c <0.01*
Executive Score 1.05 ± 0.80 (−1.2 to 3)c,d 0.78 ± 0.71 (<0.7 to 3)c,d 0.32 ± 0.92 (−1.9 to 3)a,b,d

−0.89 ± 0.93 (−3 to 1)a,b,c <0.01*

Note. Results are given as mean ± standard deviation (Min-Max) or as n (%). APOE, Apolipoprotein; MMSE, Mini Mental State Examination; ECog, Everyday Cognition questionnaire.
For the APOE genotype, the n and % represent the number and percentage of subjects presenting at least one ε4 allele. *Indicates statistical significance. Superscripted a, b, c, and
d indicate significant pairwise between-group comparisons.

FIGURE 1 | ECog-Subject, ECog-StudyPartner, and ACD by domain between groups.

The worst performances were in the discrimination between
the two CN groups (all AUCs = 0.70), and between MCI and AD
(all AUCs between 0.60 and 0.61).

Discriminant Value of ECog-StudyPartner by Domain
ECog-StudyPartner scores showed good to excellent accuracy
in almost all discriminations. The best performance of the
Ecog-StudyPartner scores was in the discrimination between AD
and Aβ-/CN (AUCs between 0.96 and 0.98) and between AD and
Aβ+/CN (AUCs between 0.96 and 0.99). Specificities could reach
very high levels (99% as a maximum).

No ECog-StudyPartner score (i.e., in any cognitive domain)
seems useful to distinguish Aβ+/CN and Aβ-/CN subjects (all
AUCs between 0.69 and 0.70).

Discriminant Value of Awareness of Cognitive Decline
by Domain
ACD scores showed good to excellent accuracy in the
discrimination between AD and Aβ+/CN (AUCs between
0.88 and 0.93), between AD and Aβ-/CN (AUCs between
0.84 and 0.91), and between AD and MCI (AUCef = 0.82,
AUCvs = 0.85). In these discriminations, specificities could
reach very high levels (99% as a maximum), especially in the
visuospatial and executive domains. Accuracies were low to

moderate in the other discriminations (AUCs between 0.61 and
0.79).

Comparison of the Three Sources of Information
Globally, the ECog-StudyPartner performed significantly better
than the other two sources of information in all discriminations,
except Aβ−/CN vs. Aβ+/CN, where the three sources of
information did not differ significantly (all AUCs between
0.69 and 0.70); ECog-Subject vs. ECog-StudyPartner: Z = −1.65,
p = 0.09; ECog-StudyPartner vs. ACD: Z = −1.89, p = 0.06;
ECog-Subject vs. ACD: Z = −0.54, p = 0.59.

ACD was significantly less accurate than ECog-Subject in two
out of six discriminations, namely Aβ−/CN vs. MCI (ECog-
Subject vs. ACD: Z = 5.47, p <0.01) and Aβ+/CN vs. MCI
(ECog-Subject vs. ACD: Z = 3.01, p <0.01). The ACD score was
significantly more accurate than the ECog-Subject in the other
discriminations. More details are in Figure 2.

Post-hoc Analysis: Correlation Between
Subjective and Objective Cognitive
Measures
The results from the analysis comparing the various sources
of information suggest that the ECog-StudyPartner performs
better at discriminating the groups than the ECog-Subject.
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TABLE 2 | Comparison of ECog-Subject, ECog-StudyPartner, and ACD by Domain between Groups.

SELF-REPORTED COMPLAINT (ECog-Subject)

Memory Language Visuospatial abilities Executive functions p Intragroup effects

Aβ-/CN 1.60 ± 0.52 1.38 ± 0.40 1.15 ± 0.27 1.28 ± 0.34 <0.01 M > L > E > V
Aβ+/CN 1.71 ± 0.47 1.49 ± 0.43 1.18 ± 0.26 1.32 ± 0.32 <0.01 M > L > E > V
Aβ+/MCI 2.38 ± 0.70 1.90 ± 0.68 1.48 ± 0.59 1.67 ± 0.61 <0.01 M > L > E > V
Aβ+/AD 2.34 ± 0.78 1.80 ± 0.67 1.56 ± 0.58 1.71 ± 0.61 <0.01 M > L = E > V
p <0.01 <0.01 <0.01 <0.01
Intergroup effects Aβ-/CN = Aβ+/CN < MCI = AD Aβ-/CN = Aβ+/CN < MCI = AD Aβ-/CN = Aβ+/CN < MCI = AD Aβ-/CN = Aβ+/CN < MCI = AD

INFORMANT-REPORTED COMPLAINT (ECog-StudyPartner)

Memory Language Visuospatial abilities Executive functions p Intragroup effects

Aβ-/CN 1.32 ± 0.43 1.13 ± 0.24 1.06 ± 0.16 1.17 ± 0.34 <0.01 M > E = L > V
Aβ+/CN 1.33 ± 0.43 1.12 ± 0.22 1.06 ± 0.15 1.18 ± 0.33 <0.01 M > E = L = V
Aβ+/MCI 2.27 ± 0.83 1.70 ± 0.69 1.48 ± 0.61 1.73 ± 0.70 <0.01 M > E = L > V
Aβ+/AD 3.28 ± 0.63 2.57 ± 0.76 2.41 ± 0.84 2.81 ± 0.76 <0.01 M > E = L = V
p <0.01 <0.01 <0.01 <0.01
Intergroup effects Aβ-/CN = Aβ+/CN < MCI < AD Aβ-/CN = Aβ+/CN < MCI < AD Aβ-/CN = Aβ+/CN < MCI < AD Aβ-/CN = Aβ+/CN < MCI < AD

AWARENESS OF COGNITIVE DECLINE, ACD (ECog-Subject minus ECog-StudyPartner)

Memory Language Visuospatial abilities Executive functions p Intragroup effects

Aβ-/CN 0.28 ± 0.55 0.25 ± 0.42 0.09 ± 0.27 0.11 ± 0.36 <0.01 M = L > E = V
Aβ+/CN 0.38 ± 0.47 0.36 ± 0.41 0.12 ± 0.26 0.13 ± 0.37 <0.01 M = L > E = V
Aβ+/MCI 0.10 ± 0.89 0.20 ± 0.88 0.00 ± 0.78 <0.06 ± 0.83 <0.01 L > E = V; M > E; L = M; M =V
Aβ+/AD <0.94 ± 1.00 <0.77 ± 0.88 <0.85 ± 0.95 −1.10 ± 0.90 0.01 M = L, E, V; L > E; V > E
p <0.01 <0.01 <0.01 <0.01
Intergroup effects Aβ-/CN = Aβ+/CN = MCI > AD Aβ-/CN = Aβ+/CN = MCI > AD Aβ-/CN = Aβ+/CN = MCI > AD Aβ-/CN = Aβ+/CN = MCI > AD

Note. Results are given as mean ± standard deviation. In the intragroup effects, M, Memory; L, Language; V, Visuospatial abilities; E, Executive functions. In the intergroup and intragroup effects, > indicates “significantly higher than”;
<indicates “significantly lower than”, = indicates “not significantly different”.
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TABLE 3 | Results of ROC/AUC analysis.

ECog-Subject ECog-Study Partner ACD

AUC Specificity at sensitivity = 0.8 AUC Specificity at sensitivity = 0.8 AUC Specificity at sensitivity = 0.8

Memory
Aβ+/CN vs. Aβ</CN 0.70 0.31 0.69 0.22 0.70 0.20
Aβ+/MCI vs. Aβ-/CN 0.83 0.69 0.86 0.74 0.63 0.15
Aβ+/AD vs. Aβ-/CN 0.85 0.59 0.98 0.99 0.88 0.73
Aβ+/MCI vs. Aβ+/CN 0.78 0.57 0.87 0.79 0.71 0.15
Aβ+/AD vs. Aβ+/MCI 0.60 0.14 0.83 0.73 0.77 0.52
Aβ+/AD vs. Aβ+/CN 0.80 0.46 0.99 0.99 0.93 0.76
Language
Aβ+/CN vs. Aβ-/CN 0.70 0.30 0.70 0.21 0.70 0.27
Aβ+/MCI vs. Aβ-/CN 0.75 0.54 0.81 0.63 0.61 0.03
Aβ+/AD vs. Aβ-/CN 0.78 0.42 0.97 0.98 0.86 0.61
Aβ+/MCI vs. Aβ+/CN 0.75 0.41 0.83 0.63 0.69 0.14
Aβ+/AD vs. Aβ+/MCI 0.61 0.17 0.80 0.67 0.78 0.57
Aβ+/AD vs. Aβ+/CN 0.75 0.30 0.98 0.98 0.91 0.72
Visuospatial Ability
Aβ+/CN vs. Aβ-/CN 0.70 0.25 0.70 0.22 0.70 0.22
Aβ+/MCI vs. Aβ-/CN 0.73 0.30 0.79 0.36 0.62 0.08
Aβ+/AD vs. Aβ-/CN 0.81 0.58 0.96 0.97 0.84 0.92
Aβ+/MCI vs. Aβ+/CN 0.75 0.24 0.82 0.32 0.79 0.09
Aβ+/AD vs. Aβ+/MCI 0.61 0.29 0.82 0.66 0.85 0.64
Aβ+/AD vs. Aβ+/CN 0.80 0.52 0.96 0.98 0.88 0.93
Executive Functions
Aβ+/CN vs. Aβ-/CN 0.70 0.30 0.70 0.20 0.70 0.28
Aβ+/MCI vs. Aβ-/CN 0.73 0.52 0.80 0.64 0.64 0.11
Aβ+/AD vs. Aβ-/CN 0.81 0.52 0.97 0.98 0.91 0.92
Aβ+/MCI vs. Aβ+/CN 0.74 0.44 0.81 0.66 0.69 0.14
Aβ+/AD vs. Aβ+/MCI 0.61 0.20 0.85 0.74 0.82 0.68
Aβ+/AD vs. Aβ+/CN 0.79 0.44 0.97 0.95 0.91 0.90

Note. AUC, Area Under the ROC; ACD, Awareness of Cognitive Decline. To facilitate understanding of the table, all AUCs between 0.80 and 0.90 are in bold, and all AUCs > 0.90 are
in bold and underlined.

One possible interpretation is that informants are more
accurate at assessing the cognitive levels of the subjects than
the subjects themselves. To explore this interpretation, we
carried Pearson’s correlations between objective measures of
cognition (four composite scores) and subjective measures
(four ECog-Subject, four ECog-StudyPartner). To compare
the correlation coefficients obtained between the objective
measures of cognition and the ECog-Subject, versus the
correlation coefficients obtained between the objective
measures and the ECog-StudyPartner, we performed
tests of significance using the ‘‘cocor’’ R package for the
comparison of two overlapping correlations based on
dependent groups.

In both subjects and informants, the cognitive composite
scores correlated significantly and negatively with the cognitive
complaints in all four cognitive domains (Table 4). The
negative correlations indicate that elevated cognitive complaints
are associated with lower objective cognitive performance.
When comparing the correlation coefficients between subjects
and informants, we found that the objective composite
scores were significantly more strongly correlated with
the ECog-StudyPartner (all r between −0.29 and −0.64)
than with the ECog-Subject (all r between −0.16 and
−0.38), for all cognitive domains. A more extensive
correlation matrix is also included in the Supplementary
Materials.

DISCUSSION

In this study, we investigated domain-specific cognitive
complaints across the amnestic AD spectrum (more precisely,
in amyloid-positive individuals ranging from normal cognition
to dementia) and controls, using three sources of information:
self-reported complaints, informant-reported complaints,
and the discrepancy between these two reports as a measure
of awareness of cognitive decline (ACD). To briefly recap
the main findings of this study, the intensity of cognitive
complaints, both self- and informant-reported, was generally
distributed according to the following trend: memory, language,
executive, and visuospatial (from most to least impaired).
The two groups with normal cognition (i.e., amyloid negative
and positive) reported experiencing a more marked decline
in memory and language than noticed by their informants.
The Aβ+/MCI participants had good agreement with
their informants, while AD participants presented poor
ACD (anosognosia), especially for the executive domain.
In terms of the ability of these sources of information to
discriminate between groups, we found that informant-
reported cognitive complaints in all domains performed
the best. ACD scores, in all domains, accurately distinguish
AD from CN participants. Self-reported complaints were
not as accurate in discriminating the groups. Finally, while
both self-reported and informant-reported complaints were
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FIGURE 2 | ROC comparisons between the three sources of information.

correlated with objective cognitive scores in each cognitive
domain, informant-reported complaints were significantly more

correlated with objective cognitive scores than self-reported
complaints.
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Amnestic and Non-amnestic Cognitive
Complaints Across the Amnestic AD
Spectrum
Subjects and study-partners from all groups reported the most
complaints in the memory domain. This was expected given the
inclusion criteria of ADNI, which requires significant memory
complaints in the MCI and AD participants. Episodic memory
is also the most frequently impaired cognitive domain in AD
(Sarazin et al., 2007). Language and executive functions were
the domains reported to be most impaired after memory.
Language and executive disorders appear quite early in the
course of the disease and become more and more marked in
the patient’s clinical picture (Ahmed et al., 2013; Harrington
et al., 2013). For instance, a recent study including healthy
controls, cognitive-complainers without objective deficit (hence
with subjective cognitive decline or SCD, Jessen et al., 2020), and
patients with AD found that the majority of subjects reported
memory complaints (including 26% of healthy controls) but
also language complaints (including 37% of controls; Miebach
et al., 2019). Finally, subjects and study-partners from all groups
reported visuospatial disorders to be the least intense compared
to the other domains. Indeed, visuospatial disorders, such as
difficulty in the spatial localization of objects, generation of
mental pathways, and spatial navigation, might occur later
in the course of the disease (Cherrier et al., 2001). In our
study, Aβ+/CN and MCI subjects performed similarly to
healthy controls on the visuospatial composite score, while
only AD patients performed significantly worse. Recent studies
show that mild visuospatial disorders may also be present
in early-stage AD (Joray et al., 2004), but it must be noted
that these are difficulties that the patient and those around
them may not recognize in daily life until that they become
more severe.

The Clinical Utility of Domain-Specific
Informant-Reported Cognitive Complaints
Informant-reported cognitive complaints were globally the best
measures to distinguish groups, in comparison to self-reported
complaints and ACD, consistent with what has already been
identified from previous studies (Gifford, 2015; Rueda, 2015).
Therefore, this source of information should be prioritized
by clinicians during clinical interviews. All ECog-StudyPartner
scores were good to excellent predictors for discriminating
groups of individuals at different stages of AD and controls.
The only discrimination in which the informant report was
not sufficiently sensitive was between Aβ+/CN from Aβ-
/CN participants. This suggests that the informant report, as
measured by the ECog, is not sensitive enough to detect the
disease when the patient is asymptomatic.

Furthermore, informant reports strongly correlated with the
same-domain composite cognitive scores, suggesting that they
may be taken as a gold standard to collect information about
the patient’s cognitive functioning in daily life. Nonetheless,
we acknowledge that informant-reported complaints may be
potentially biased by factors such as anxiety, depression,
caregiver burden, or personality traits. However, study-partners

TABLE 4 | Comparison of correlation coefficients between subjective and
objective measures of cognitive decline.

Same-domain Same-domain p-values
ECog-Subject ECog StudyPartner

Memory composite −0.38* −0.64* <0.01
Language composite −0.34* −0.51* <0.01
Visuospatial composite −0.32* −0.49* <0.01
Executive composite −0.16* −0.29* <0.01

Note. The table reports correlation coefficients between each of the four composite
scores and the same-domain ECog-Subject and ECog-StudyPartner, separately.
*Indicates significant correlations. p-values refer to the pairwise comparisons between
correlation coefficients.

were accurate in previous studies despite these potential biases:
in a study by Cacchione and colleagues, the accuracy of
the study-partner in predicting patient’s cognitive decline was
above chance even for informants who were not spouses,
who did not live with the patient, or who spoke with the
patient less than daily, and for older or less educated patients
(Cacchione et al., 2003).

Self-Reported Cognitive Complaints and
Subject’s Self-Awareness
In the present study, the self-reported complaints were the less
accurate measures to distinguish groups along the AD spectrum.
Although our post-hoc analysis showed that self-reported
complaints correlated significantly with objective cognitive
scores, the strength of associations was significantly weaker
than between informant-reported complaints and objective
cognitive scores. Also, in our sample, some individuals
tended to underestimate their cognitive abilities (especially
CN subjects), while others overestimated them (especially
AD subjects). On the other hand, the ACD measure was
slightly more accurate than self-report complaints but less
accurate than the informant-report. It would be interesting
to understand if the subject-informant discrepancy can better
discriminate patients with different pathologies than the
informant-report alone. Although progressive anosognosia is
a common symptom of several neurological or psychiatric
diseases—e.g., frontotemporal dementia (Zamboni et al., 2010)
or Huntington’s disease (Hoth, 2007), identifying a certain
degree of anosognosia could be useful in the differential
diagnosis.

Aβ+/CN subjects (at risk for preclinical AD) and Aβ−/CN
controls reported complaints of similar intensity, and this
measure discriminated the two CN groups slightly better
than chance. When relating the self-reported complaint to
the informant-reported complaint (ACD score) we found
that both CN groups exhibited more marked memory and
language complaints than their informants, and this was
not the case with executive and visuospatial complaints.
This is consistent with a previous study highlighting the
importance of word-finding complaints in CN, on top of
memory complaints (Montembeault et al., 2022). The difference
between self- and informant-reported complaints in CN may
be consistent with the concept of hypernosognosia (Vannini
et al., 2017), a term used when cognitively unimpaired
individuals with high levels of amyloid deposition perceive
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a subtle decline in memory and language that their informant
does not notice yet. On the other hand, since this pattern
(memory and language ECog-Subject >StudyPartner) was also
observed in control subjects, it may suggest that cognitive
complaints are nonspecific and common even among healthy
individuals. Previous studies also found that most healthy elderly
express some degree of cognitive complaints (Jessen, 2010;
van Harten, 2018). This may be partially related to anxiety,
depression, medication intake, and age-related cognitive
changes (Buckley, 2013). Nonetheless, many studies have
demonstrated a relationship between cognitive complaints
and amyloid status (La Joie et al., 2016; Valech et al., 2018;
Miebach et al., 2019; Montembeault et al., 2022). Another
noteworthy aspect to discuss is that our control subjects
were not from the general population but were part of
a cohort selected to study AD, presenting with memory
complaints at inclusion, which could have affected the
results.

MCI participants and their study-partner reported similar
levels of cognitive decline across all domains, meaning they did
not show anosognosia. In some previous studies, MCI patients
exhibited marked cognitive complaints (more marked than
informant-reported complaints; Kalbe et al., 2005; Piras et al.,
2016), while others found mild anosognosia (e.g., Hanseeuw
et al., 2020; Cacciamani et al., 2021). These conflicting findings
on self-awareness in MCI are likely due to the heterogeneity of
the concept of MCI itself, in addition to a known inter-individual
variability in the rate of disease progression and in the ordering
of symptom onset (Goyal et al., 2018).

Concerning AD participants, they did not perceive more
cognitive impairment than those with MCI despite the fact
that they had more marked disorders at testing, which were
also noticed by their study-partner. Indeed, AD participants
presented with anosognosia. These results are consistent with
the petrified self theory, suggesting that anosognosia in AD
may be due to patients’ self-assessment being petrified or
anchored to their pre-morbid abilities (Mograbi et al., 2009).
They may recognize their cognitive errors soon after they
are made, but the knowledge about these failures is only
partially and temporarily incorporated into their self-knowledge
(Mograbi et al., 2009; Kalenzaga and Clarys, 2013). Thus,
the subjective perception of decline would not coincide with
the actual progression of cognitive impairment. The ACD
measure that performed best on the AUC analysis was the
Executive.

Function subscale. This means that anosognosia for executive
function disorders is the most sensitive measure to distinguish
individuals with dementia from other groups, among the
four domains considered. Another study has shown that
the level of ACD differs depending on the object studied
in AD patients, with awareness of the overall condition
and executive functions and for the overall condition being
the most impaired, while the awareness of disinhibition
and apathy was more preserved (Bertrand et al., 2019).
This reiterates that the investigation of domains other than
episodic memory could provide added value of clinical
utility.

LIMITATIONS

This study has some limitations. The main limitation of this
study is that the diagnosis of MCI and AD in the ADNI
cohort is partly made on the basis of memory complaints.
Although the main variables of interest in the present study
are also cognitive complaints which could lead to circularity,
it is important to note that the complaints used for diagnosis
were strictly amnestic (did not concern other cognitive domains)
and were reported during the clinical interview (not measured
using the ECog). Nonetheless, this had an impact on our results.
First, because cognitive complaints were required for inclusion
in the MCI and AD group, but not for the two CN groups,
it was expected that complaints would be more elevated in
MCI and AD versus CNs. However, this limitation does not
affect the comparison of cognitive complaints in MCI vs. AD
and in Aβ−/CN vs. Aβ+/CN. Secondly, because our MCI and
AD population were amnestic, it was expected that cognitive
complaints would be more elevated in the memory domain
than in other cognitive domains. Nonetheless, the current
study provides novel knowledge on non-memory cognitive
complaints in this population. To verify the generalisability
of our results, a population-based cohort with no criteria for
memory complaints could be studied. A second limitation
is that we have no information about the study-partner,
for example, the degree of kinship with the subject, how
long they have known the subject, and how much time
they spend with them. However, the strong correlation with
cognitive score suggests that informant-related complaints are
representative of objective cognitive measures. Finally, it was
not possible to use the level of tau protein as it was not
available in many subjects. This may have led to a bias in the
selection of subjects. Indeed, it would have been more precise
if it were based on the two biomarkers, amyloid, and tau
(Jack et al., 2018).

CONCLUDING REMARKS

Our results can have interesting applications for both research
and clinical practice. They highlight the limitations and benefits
of three sources of information that are valuable to the clinician
and the researcher, namely self-reported complaint, informant-
reported complaint, and concordance or discrepancy between
the two (as a measure of ACD), all relating to different cognitive
domains. The inclusion of an informant or study-partner seems
to be an important added value for an accurate, early diagnosis,
and for effective selection of individuals in clinical trials. Given
the predictive power of study-partner complaint in disease
staging, further studies could identify thresholds of abnormality
of the ECog-StudyPartner score for use in clinical practice.
The patients themselves, on the contrary, are less accurate in
their reports and may tend to both overestimate their abnormal
performance (as a form of anosognosia) or underestimate their
normal performance (as in worried-well individuals). These
results also suggest that patients and study-partners complain
not only about memory but also about other cognitive domains,
and non-amnesic complaints and ACD also provided important
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clinical information. This is important to emphasize, as the
current research criteria defining complaints typical of AD
patients are memory-related (Jessen et al., 2020), and we believe
they should be revised to also include non-amnesic complaints.
To facilitate the application of these results in clinical practice,
an interesting perspective for future studies is to understand
whether there are specific questions, relating to the different
cognitive domains, to ask the subject and the informant in order
to detect the disease earlier. Much attention has been paid to
memory complaints (e.g., Jessen et al., 2020) and awareness of
memory disorders (e.g., Gagliardi et al., 2020), but the clinical
presentation of AD is more diverse (Goyal et al., 2018). Focusing
solely on memory could, for example, exclude all patients with a
non-amnestic phenotype.
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