
NeuroImage: Clinical 36 (2022) 103255

Available online 7 November 2022
2213-1582/© 2022 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Alterations in metamemory capacity and neural correlates in a subtype of 
subjective cognitive decline 

Qinjie Li a, Xiaokang Sun a, Liang Cui a, Yuan Zhong a, Beiyun Wang a, Ya Miao a, 
Xiaochen Hu b,*,1, Qihao Guo a,*,1 

a Department of Gerontology, Shanghai Sixth People’s Hospital Affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai 200233, China 
b Department of Psychiatry and Psychotherapy, Medical Faculty, University of Cologne, Cologne, Germany   

A R T I C L E  I N F O   

Keywords: 
Subjective cognitive decline 
Metamemory 
fMRI 
Cortical thickness 
Slight cognitive impairment 

A B S T R A C T   

Backgrounds: Subjective cognitive decline (SCD), one of the important clinical indicators for preclinical Alz-
heimer’s disease (AD), is primarily defined as self-perceived cognitive decline without objective evidence for 
cognitive impairment. However, the accuracy of their self-evaluation of cognition is unclear. This study sought to 
investigate the capacity for self-evaluation of own cognitive performance in SCD by applying an objective 
metamemory paradigm. 
Methods: 147 individuals with SCD were classified into four subgroups by their subjective feeling of worse 
performance than peers or not (P+/-) and whether they have objectively slight cognitive impairment compared 
to normative data (S+/-). Metamemory scores, the amplitude of the low-frequency fluctuation (ALFF), fractional 
low-frequency fluctuation amplitude (fALFF), and cortical thickness were compared among four subgroups. 
Partial correlations between neuropsychological scores and neuroimaging measures were examined, controlling 
for age, sex, and education years. 
Results: SCD S+P- showed the worst performance in short-term delayed recall and the worst metamemory per-
formance, indicated by the highest value in the degree of confidence of short-term delayed recall (DOC-N4) and 
long-term cued recall (DOC-N6) and the worst value in relative accuracy of judgments of short-term delayed 
recall (ROJ-N4). ALFF values in the bilateral superior medial frontal and olfactory cortices and the left superior 
orbitofrontal gyrus cortex were significantly higher in SCD P- compared with SCD P+ groups (all P < 0.05, FWE- 
corrected, cluster-wise level). A significant S × P interaction effect in the left hippocampus and middle cingulate 
cortex was found for the fALFF signals (all P < 0.05, FWE-corrected, cluster-wise level). Significant interaction 
and main effects on cortical thickness were reported. The parahippocampal and posterior cingulate cortices were 
significantly decreased in SCD S+P- (all P < 0.05). 
Conclusion: SCD S+P- showed the worst episodic memory performance, altered metamemory capacity (over-
confidence and less accuracy of judgment), and altered neuroimaging measures, though they had feelings of 
similar performance with peers. Our results indicate that metamemory capacity is affected in a subtype of SCD 
with reduced cortical thickness and intensity of regional spontaneous activity in key areas for metamemory 
processing.   

Abbreviations: AD, Alzheimer’s disease; AFT, Animal Verbal Fluency Test; ALFF, amplitude of the low frequency fluctuation; AVLT, Auditory Verbal Learning Test; 
BA, Brodmann area; BNT, Boston Naming Test; DOC, degree of confidence; fALFF, fractional low-frequency fluctuation amplitude; HAMA, Hamilton Anxiety Rating 
Scale; HAMD, Hamilton Depression Rating Scale; IR, immediate recall; EOP, estimation of performance; MCI, mild cognitive impairment; MMSE, Mini-Mental State 
Examination; MoCA-B, Montreal Cognitive Assessment Basic Version; ROI, region of interest; ROJ, relative accuracy of judgment; S, slight cognitive impairment; 
SCD, subjective cognitive decline; STT, Shape Trails Test Parts; P, peer-related self-evaluation of cognition; FWE, Family-wise error correction. 
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1. Introduction 

Self-report of cognitive decline is an essential clinical feature 
throughout the Alzheimer’s continuum, including the clinical and pre-
clinical stages. (Albert et al., 2011; Jessen et al., 2014) International 
consensus on the biological definition of AD has recognized subjective 
cognitive decline (SCD) as an indicator of the cognitive transition stage 
(stage 2), which lies between completely unimpaired cognition (stage 1) 
and objectively impaired cognition (stage 3). (Jack et al., 2018) In 
cognitively normal older adults, two broad criteria can define SCD: (1) a 
self-experienced persistent decline in cognitive capacity compared to 
previously normal status and unrelated to an acute event, and (2) 
normal performance on standardized cognitive tests, which are used to 
classify MCI. (Jessen et al., 2014) In addition, an open set of specific 
features has been proposed (SCD-plus), which has been previously found 
to indicate an increased association with AD pathology or a particular 
risk of objective decline. (Jessen et al., 2014; Jessen et al., 2020) These 
features include but are not limited to (1) subjective decline in the 
memory domain, (Mitchell et al., 2014; Jessen et al., 2010; Amieva 
et al., 2008) (2) onset within the past five years, (Amieva et al., 2008; 
Jessen et al., 2020; Mitchell et al., 2014) (3) concerns associated with 
SCD. (Jessen et al., 2010; Verfaillie et al., 2019) The SCD-plus criteria 
are subjective to ongoing validation and refinement and may be adapted 
in the future. (Jessen et al., 2020) One of the SCD-plus features, the 
feeling of worse cognitive performance than peers, has become a matter 
of debate. (Jessen et al., 2014; Jessen et al., 2020; Verfaillie et al., 2019) 
It was included in the first proposal of the SCD-plus criteria (Jessen et al., 
2014) based on the evidence that individuals with this feature had a 
greater amyloid burden in the brain. (Perrotin et al., 2021) However, 
this feature was excluded from the recent proposal for the SCD plus 
criteria due to no further supporting evidence. (Jessen et al., 2020) In 
our clinical practice, many SCD patients report having worse cognitive 
capacity than the same age group. There is an essential need to under-
stand this feature and its relationship to SCD better. 

The feeling of worse cognitive performance than peers requires the 
ongoing appraisal and monitoring of one’s cognition in daily life and 
comparing with others. This cognitive process partially overlaps with 
the metamemory, defined as our ability to monitor, regulate and predict 
one’s own memory performance. (Bertrand et al., 2019; Souchay, 2007) 
Metamemory capacity can be objectively assessed by requiring partici-
pants to evaluate their memory performance during real-time cognitive 
tests and inferred by the discrepancy between the subjective evaluation 
and the actual objective performance. (Souchay, 2007; Bertrand et al., 
2018) Nearly half of the patients with AD dementia were impaired in the 
metamemory capacity. (Leicht et al., 2010; Souchay et al., 2003; 
Starkstein et al., 2006; Rosen et al., 2014; Starkstein, 2014) Patients 
with MCI and mild AD dementia tend to overestimate their memory 
performance. (Souchay, 2007; Starkstein et al., 2006; Fragkiadaki et al., 
2016; Wadley et al., 2003; Stewart et al., 2010) Moreover, the severity of 
the metamemory impairment increases with AD progression. (Starkstein 
et al., 2006) It is unclear whether the metamemory capacity may be 
affected already in the risk condition for AD such as SCD. More impor-
tantly, SCD is conceptually not defined by objective cognitive perfor-
mance but refers to subjective evaluation. (Jessen et al., 2020) 
Metamemory capacity has been shown to largely influence the accuracy 
of self-evaluation of cognitive performance. (Bahrami et al., 2020; Saenz 
et al., 2017) Therefore, it is essential to investigate the potential alter-
ation in metamemory capacity in SCD. 

Previous studies on the neural substrates of metamemory revealed a 
network of midline cortical regions, such as the medial prefrontal cortex 
(mPFC) and posterior cingulate cortex (PCC), and medial temporal lobe 
(MTL) regions, such as the entorhinal cortex, hippocampus, and para-
hippocampus, as well as insular cortex. (Cosentino et al., 2015; D’Oleire 
Uquillas et al., 2020; Fleming and Dolan, 2012; Hallam et al., 2020; 
Huntley et al., 2021) These key regions are considered to underlie 
impaired self-awareness of cognitive processes in AD. (Huntley et al., 

2021) Impaired metamemory capacity was found in patients with mPFC 
lesions. (Modirrousta and Fellows, 2008) Less accurate metamemory 
was associated with reduced thickness of mPFC and PCC in patients with 
AD dementia. (Bertrand et al., 2018) In a group of cognitively healthy 
old subjects, overestimation of memory performance was associated 
with lower hemodynamic response to the learning prediction success in 
midline cortical areas. (D’Oleire Uquillas et al., 2020) The ventral mPFC 
was also involved during metamemory judgment in a group of young 
and healthy subjects. (Tondelli et al., 2018) Severer anosognosia scores 
and less accurate metamemory performance have been previously 
associated with reduced right insular volume. (Cosentino et al., 2015; 
Hallam et al., 2020) Within the MTL regions, decreased gray matter 
volume of the hippocampus and parahippocampus were associated with 
poorer metamemory performance in patients with AD dementia and 
MCI. (Tondelli et al., 2018) Interestingly, overestimation of memory 
performance has been associated with tau deposition in the entorhinal 
cortex in cognitively unimpaired older adults. (D’Oleire Uquillas et al., 
2020) Note that the tau burden in the MTL regions is one of the initial 
pathological hallmarks of preclinical AD. (Jack et al., 2018) Likely, the 
metamemory deficits may already occur at the very early cognitive 
transition stage (stage 2), which can be indicated by SCD. Nevertheless, 
there is a lack of neuroimaging studies on metamemory capacity in SCD. 

In this study, we classify our SCD samples into four subgroups ac-
cording to subjects’ self-evaluation of their cognitive performance in 
comparison to peers (P+/-: worse than peers or not) and the actual 
cognitive performance on standardized neuropsychological tests in 
comparison to normative data (S+/-: with or without slight cognitive 
impairment). Slight cognitive impairment also potentially indicates the 
transition stage of the AD continuum. (Jack et al., 2018) Though this 
feature is not required for the broad definition of SCD, it frequently 
exists in the SCD population. (Jessen et al., 2022; Jessen et al., 2014) The 
current study applied the Jak/Bondi criteria for excluding subjects with 
MCI. (Bondi et al., 2014) SCD subjects who did not meet the Jak/Bondi 
criteria for MCI but did not show normal cognition in all subtests (>1 SD 
below demographically adjusted mean) are defined with slight cognitive 
impairment. Metamemory capacity was determined by comparing sub-
jects’ self-evaluation of their cognitive performance with the actual 
performance during the neuropsychological test on episodic memory. 
Meanwhile, all SCD subjects received structural magnetic resonance 
imaging (MRI) and resting-state functional MRI (rs-fMRI) measure-
ments. Cortical thickness and spontaneous fluctuations of hemodynamic 
signals at wakeful rest were measured and compared among the four 
subtypes of SCD (S-P–, S-P++, S+P-, S+P+). We aim to assess the in-
fluence of peer-related self-evaluation of cognition (P-/+) and slight 
cognitive impairment (S-/+) variables on the metamemory capacity and 
the imaging outcomes in SCD. We hypothesize that SCD with slight 
cognitive impairment but without feeling worse performance than peers 
(S+P-) would overestimate their actual memory performance and show 
alterations in cortical thickness and spontaneous brain activity in the 
key metamemory processing areas, including midline cortical areas, 
medial temporal lobe, and the insula cortex. 

The current study critically evaluated the self-evaluation of cognitive 
performance as a core research definition for SCD by investigating the 
metamemory process and comparing the metamemory capacity in 
different subtypes of SCD classified by the peer-related self-evaluation of 
cognition and slight cognitive impairment. We further evaluated the 
neuroimaging correlates potentially associated with the alterations in 
metamemory capacity. Our results will deepen our understandings of 
the clinical symptoms of SCD, which may potentially contribute to the 
early identification and prevention of AD. 

2. Materials and methods 

2.1. Participants 

A total of 147 individuals with SCD (77.55 % females; Mean age =
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64.16; range: 50–84) were recruited from April 2019 to April 2021, 
including 33 SCD S-P-, 47 SCD S-P+, 29 SCD S+P-, and 38 SCD S+P+, 
from the Department of Geriatrics, Shanghai Sixth People’s Hospital, 
Shanghai, China. Consistent with the broad definition of SCD, (Jessen 
et al., 2014) all participants enrolled in the current study were in-
dividuals who experienced cognitive decline, sought medical help in our 
memory clinic, and performed normal cognitive performance on the 
comprehensive neuropsychological test battery (see section 2.2). We 
applied a structured SCD interview (SCD-I) translated from German to 
Chinese by XH, (Miebach et al., 2019) to evaluate the self-perceived 
cognitive decline of different cognitive domains and associated SCD- 
plus questions. The current study enrolled individuals who met the 
following SCD-plus criteria based on the SCD-I: (1) self-perceived 
decline in the memory domain, (2) onset of SCD in the last five years, 
and (3) concerns associated with SCD. Further inclusion criteria were 
more than six years of education; nearly normal eyesight after correction 
and hearing. Exclusion criteria were: MCI, dementia of AD type, history 
of alcoholism, drug abuse, head trauma, or other neuropsychiatric dis-
eases, such as depression and anxiety; apparent abnormalities in folic 
acid, vitamin B12, rapid plasma regain, thyroid function, and Trepo-
nema pallidum particle agglutination. The study was approved by the 
ethics committee of the Shanghai Sixth People’s Hospital. All partici-
pants signed informed consent. 

2.2. Neuropsychological assessments 

All participants received a comprehensive neuropsychological 
assessment on global cognitive function, memory, attention, language, 
executive function, and metamemory. The tests included Auditory 
Verbal Learning Test-Huashan (AVLT-H) for episodic memory measure, 
(Zhao et al., 2015) Boston Naming Test (BNT) and Animal Verbal 
Fluency Test (AFT) (Mack et al., 1992; Zhao et al., 2013) for language 
measure, Shape Trails Test Parts A (STT-A) and B (STT-B) (Zhao et al., 
2013) for executive function measure. The AVLT-H contains a learning 
phase and a delayed recall phase. During the learning phase, 12 two- 
syllable words of three different types were orally presented three 
times, and subjects were asked to recall the word list after each trial. The 
values of three free recalls were summarized as the immediate recall 
score (AVLT-IR). During the delayed recall phase, additional indices for 
episodic memory were probed, including free recall over short-term 
(AVLT-N4) and long-term delays (AVLT-N5), long-term cued recall 
(AVLT-N6), and recognition memory (AVLT-N7). Short and long-term 
delayed recalls are separated by the time intervals of other tests, 
approximately 5 and 20 min, respectively, in which the other nonverbal 
neuropsychological tests are administered. Global cognitive screening 
tests, including Mini-Mental State Examination (MMSE) and Montreal 
Cognitive Assessment Basic Version (MoCA-B). (Chen et al., 2016) In 
addition, Hamilton Depression Rating Scale (HAMD) and Hamilton 
Anxiety Rating Scale (HAMA) were used to assess psychiatric symptoms. 

2.3. Classification of SCD subtypes 

In the current study, the Jak/Bondi neuropsychological criteria were 
applied to define the MCI, (Bondi et al., 2014) for which six subtests of 
the neuropsychological battery were considered, including two subtests 
for episodic memory (AVLT-N5, N7), (Zhao et al., 2015) two subtests for 
language (BNT, AFT), (Mack et al., 1992; Zhao et al., 2013) and two 
subtests for executive function (STT-A, STT-B). (Zhao et al., 2013) 
Impaired scores were defined as lower than 1 SD below the demo-
graphically adjusted mean. Participants who had impaired scores in two 
subtests within one cognitive domain or impaired scores in at least one 
subtest of all three cognitive domains were diagnosed as MCI. All SCD 
subjects did not fulfill the neuropsychological criteria of MCI. 

SCD subjects who had entirely normal cognition (unimpaired scores 
on all subtests: higher than 1 SD below the demographically adjusted 
mean) were defined as having a slight cognitive impairment (SCD S-). 

SCD subjects without entirely normal cognition did not meet Jak/Bondi 
criteria for MCI and were defined as having a slight cognitive impair-
ment (SCD S+). (Bondi et al., 2014) More specifically, they may have 
one impaired score in only one or two cognitive domains. 

Based on whether individuals have a feeling of worse performance 
than peers or not (derived from the SCD-I, (Miebach et al., 2019) 
memory domain), participants were further divided into four subgroups. 
SCD S-P- meet the criteria of SCD S- and have a feeling of similar per-
formance with peers; SCD S-P+ meet the criteria of SCD S-, at the same 
time, they have a feeling of worse performance than peers. SCD S+P- 
meet the criteria of SCD S+ and have a feeling of similar performance 
with peers; SCD S+P+ meet the criteria of SCD S+, at the same time, 
they have a feeling of worse performance than peers. 

2.4. Metamemory capacity 

The metamemory capacity was measured by comparing subjects’ 
self-estimation (prediction or judgment) of their cognitive performance 
with their actual cognitive performance. The self-estimation process was 
embedded in the standardized neuropsychological test for episodic 
memory, the AVLT-H. (Zhao et al., 2015) Following the learning phase 
and prior to the delayed recall phase of AVLT-H, subjects were asked to 
predict the number of words they could remember after 5 min (N4) and 
20 min (N5), respectively. During the delayed recall phase after the 
long-term cued recall (N6), subjects were required to estimate how 
many words they had correctly remembered. Three types of meta-
memory indices (relative accuracy of judgment, ROJ; estimation of 
performance, EOP; and degree of confidence, DOC) were calculated by 
comparing self-predicted (N4, N5) or self-estimated (N6) performance 
with the actual performance of the corresponding trial, yielding a met-
rics of 9 metacognitive scores. 

Relative accuracy of judgment (ROJ): This index is calculated from the 
differences between self-estimated performance (Nj) and actual perfor-
mance (Nr) without taking into account the direction of the discrep-
ancies (Formula (1)). It ranges from zero to one, with a higher value 
indicating higher accuracy of judgment. It reflects how judgments/ 
predictions vary with actual performance. 

ROJ = (12 − |Nj − Nr|)/12 (1) 

Estimation of performance (EOP): This index is calculated by the self- 
estimated performance divided by the total number of items (Formula 
(2)). It indicates the rate of self-estimated scores. A higher value in-
dicates a higher estimated score. 

EOP = Nj/12 (2) 

Degree of Confidence (DOC): This index is calculated from the de-
viations between self-estimated performance (Nj) and actual perfor-
mance (Nr), taking into account the direction of the deviations (Formula 
(3)). It reflects the extent to which participants were overconfident or 
unconfident about their performance. A score of 1 reflects adequate 
confidence; a score below 1 indicates underconfidence; a score above 1 
indicates overconfidence. 

DOC = (12+(Nj − Nr))/12 (3)  

2.5. MRI data acquisition and processing 

Data were collected using a 3.0 Tesla scanner (SIEMENS MAGNE-
TOM, Prisma 3.0 T, Siemens, Erlangen, Germany). Resting-State fMRI 
images were collected by the following parameters: echo-planar imaging 
(EPI) sequence, transverse plane, repetition time = 800 ms, echo time =
37 ms, flip angle = 52◦, matrix size = 112×112, field of view = 224 mm 
× 224 mm, slice number = 66 slices, slice thickness = 2 mm, and voxel 
size = 2 mm × 2 mm × 2 mm. The scan obtained 488 volumes and took a 
total of 390.4 s. Three-dimensional T1-weighted images were acquired 
by using magnetization-prepared rapid gradient-echo sequence in the 
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sagittal plane with the following parameters: matrix = 320×320, field of 
view = 256 mm × 256 mm, slice thickness = 0.8 mm, voxel size = 0.8 
mm × 0.8 mm × 0.8 mm, repetition time = 3000 ms, echo time = 2.56 
ms, inversion time = 1100 ms, flip angle = 7◦, and number of slices =
208. 

Topup (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/topup) was applied to 
the EPI distortion correction for the fMRI data, (Andersson et al., 2003) 
which was based on the FSL 5.0.9 (https://fsl.fmrib.ox.ac.uk/fsl). 
(Smith et al., 2004) After the preprocessing, the images were further 
processed using the toolbox of Statistic Parametric Mapping 12 (SPM12, 
https://www.fil.ion.ucl.ac.uk/spm/software/spm12) and the RESTplus 
toolkit (https://restfmri.net/forum/restplus). (Jia et al., 2019) The first 
10 time points were discarded. Then, slice timing and realignment were 
also conducted to correct head motion (head movement: ≥ 3 mm or 3◦

were excluded). In the next step, normalization was performed with 
isotropic voxel size (2 × 2 × 2 mm3). Then, spatial smoothing was used 
by convolution the three-dimensional image with a three-dimensional 
Gaussian kernel with a full width at half maximum (FWHM) of 6 mm 
linear. After that, detrending processing and regression analyses were 
carried out to eliminate linear drift and minimize the effects of head 
movement, white matter signal noise, and cerebrospinal fluid signal 
noise. Finally, the previously generated images were filtered between 
0.01 and 0.08 Hz to control noise interferences, and the fractional low- 
frequency fluctuation amplitude (fALFF) in the normal band was 
calculated. After standardization, we used the mean value of the 
amplitude of the low frequency fluctuation (mALFF) and the fractional 
low-frequency fluctuation amplitude (mfALFF) map for further analysis. 

FreeSurfer (v.6.0.0. https://surfer.nmr.mgh.harvard.edu) was used 
to estimate brain regional cortical thickness. Structural images were 
automatically processed to reconstruct cortical surfaces and to segment 
using the Freesurfer recon-all procedures (https://surfer.nmr.mgh.har 
vard.edu/); the procedures have been described in prior publications. 
(Desikan et al., 2006; Fischl et al., 1999; Fischl and Dale, 2000; Fischl 
et al., 2002) Briefly, the processing includes motion correction, Talair-
ach transformation, segmentation, topology correction, and normaliza-
tion. Cortical thickness was obtained by measuring the distance between 
the pial surface and the white matter boundary. Quality control was 
conducted by visual assessment and overlapping the parcellations on the 
FreeSurfer’s template. Eight regions of interest (ROIs) previously 
implicated in studies were derived. (D’Oleire Uquillas et al., 2020; 
Meiberth et al., 2015; Bertrand et al., 2018) Based on the Desikan- 
Killiany atlas, (Desikan et al., 2006) including the cortices of the mid-
dle temporal, parahippocampal, entorhinal, insula, posterior cingulate, 
medial orbitofrontal, rostral middle frontal, and frontal pole. We chose 
the mean value of bilateral cortical thickness. 

2.6. Statistical analysis 

Statistical analyses were conducted using SPSS statistic 23 (IBM, 
New York, U.S.A.), including demographic and general cognitive scores. 
The Shapiro–Wilk test was used to investigate the distribution of data. 
ANOVA was used on normally distributed variables to test group dif-
ferences, and Kruskal–Wallis H test was used if variables were not nor-
mally distributed. Pearson Chi-Square test was used to calculate the 
differences in sex. Post hoc comparisons with the method of the Tukey 
HSD test or Games-Howell test were used to investigate the between- 
group differences. We did not evaluate the effect of handedness in the 
current study due to the small number of left-handed participants in the 
current database (6 %). 

Two-way between-groups multivariate analysis of covariance 
(MANCOVA) models was performed to investigate the influence of the S 
factor and P factor on the metamemory capacity and cortical thickness. 
The independent variables were the S-/+ and P-/+ groups. Nine 
dependent variables were used in the analyses of metamemory scores: 
ROJ-N4/N5/N6, EOP-N4/N5/N6, and DOC-N4/N5/N6. Eight depen-
dent variables were used in the analyses of cortical thickness: eight ROIs 

of cortical thickness. Age and sex were used as covariates to control for 
demographic differences. The effect size assessment for each of the re-
sults was obtained using the partial eta squared (η2) proposed by Cohen, 
(Cohen, 1988) where 0.01 to 0.06 = small effect; 0.06 to 0.14 = mod-
erate effect, and a value>0.14 = large effect. P values of < 0.05 (two- 
tailed) were considered statistically significant for the interaction effect. 
If there was an acceptable size of an effect, the marginally significant 
interaction effect could be observed at p < 0.1, (Armitage et al., 2019; 
Chang et al., 2010; Huang et al., 2021; Lochner et al., 2020) and the 
significance of the main effect was indicated by p < 0.05 (two-tailed). 
Partial correlation analysis was performed to calculate the correlations 
between imaging and neuropsychological scores, controlling for age, 
gender, and education, the level of significance was set at P < 0.05/n, 
and n was the number of imaging ROIs. The general linear model (GLM) 
of SPM12 was used to analyze the effect of two factors (S-/+, P-/+) on 
ALFF or fALFF, controlling for age, sex, and education. Results were 
reported at a statistical threshold of p < 0.05 (whole brain family-wise 
error (FWE) corrected at the cluster level, with a primary height 
threshold of p < 0.001). 

3. Results 

3.1. Demographics and cognitive performance scores 

Demographic characteristics and cognitive performances were 
summarized in Table 1. 147 participants were included in the analysis, 
including 33 SCD S-P-, 47 SCD S-P+, 29 SCD S+P-, and 38 SCD S+P+. 
There were no significant differences among the four groups with regard 
to age, sex, education years, HAMA, HAMD, STT-A, and BNT. Bonferroni 
corrected post hoc analyses revealed the following results. SCD S+P+
had significantly lower MMSE scores than SCD S-P- (P = 0.021). 
Compared with SCD S-P- group, SCD S+P- and SCD S+P+ groups 
showed significantly lower MoCA-B performance (P = 0.029 and 0.023, 
respectively). Compared with SCD S-P-, SCD S+P- showed significantly 
higher scores in STT-B (P = 0.045). SCD S+P+ had significantly lower 
AFT performance than SCD S-P- and SCD S-P+ (P = 0.018 and 0.002, 
respectively). Regarding the AVLT-IR, SCD S+P- and SCD S+P+ had 
significantly lower scores than SCD S-P- (all P < 0.001) and SCD S-P+ (P 
= 0.001 and 0.006, respectively). Regarding the AVLT-N4, SCD S+P- 
and SCD S+P+ had significantly lower scores than SCD S-P- (P < 0.001 
and P = 0.003) and SCD S-P+ (P < 0.001 and P = 0.017). Both SCD S+P- 
and SCD S+P+ had significantly lower AVLT-N5 scores than SCD S-P- 
and SCD S-P+ (all P < 0.001) and SCD S-P+ (all P < 0.001), respectively. 
SCD S+P- and SCD S+P+ showed significantly reduced AVLT-N6 scores 
than SCD S-P- (all P < 0.001) and SCD S-P+ (P < 0.001 and P = 0.010), 
respectively. 

3.2. Metamemory capacity scores 

The two-way MANCOVA analysis revealed a significant main effect 
for the S factor (F (1, 141) = 8.748, P < 0.001, Wilks’ Lambda 0.688, 
large effect size of partial η2 = 0.312), and a marginally significant 
interaction between the S and P factors (F (1, 141) = 2.057, p = 0.052, 
Wilks’ Lambda 0.904, moderate effect size of partial η2 = 0.096). 
Further analyses of independent variables revealed a significant main 
effect for the S factor on EOP-N4 (F = 17.394, P < 0.001), EOP-N5 (F =
20.536, P < 0.001), EOP-N6 (F = 38.052, P < 0.001), DOC-N5 (F =
10.062, P = 0.002). The values of EOP-N4, N5, and N6 in SCD S+ were 
significantly decreased compared with SCD S- (all P < 0.001), while the 
DOC-N5 in SCD S+ was significantly increased compared with SCD S- (P 
= 0.002). Moreover, there was a significant interaction effect on DOC- 
N4 (F = 5.798, P = 0.017), DOC-N6 (F = 5.452, P = 0.021), and a 
marginally significant S × P interaction effect on ROJ-N4 (F = 3.035, P 
= 0.084) were reported. (Fig. 1; Supplementary materials, Tables 1 and 
2). Bonferroni corrected post hoc analyses revealed the following re-
sults. The mean value of ROJ-N4 in SCD S+P- was significantly lower 
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than SCD S-P- (P < 0.001). The DOC-N4 in SCD S+P- was significantly 
higher than SCD S-P- (P < 0.001) and SCD S+P+ (P = 0.003). The value 
of DOC-N6 in SCD S+P- was significantly higher than SCD S+P+ (P =
0.048) (Fig. 1; Supplementary materials, Table 3). 

3.3. Functional brain imaging analyses 

The full factorial ANOVA revealed a significant main effect for the P 
factor. Compared with SCD P- groups, decreased ALFF signals were 
found in three clusters in the SCD P+ groups (P < 0.05, FWE-corrected, 
cluster-wise level), including the left superior orbitofrontal gyrus, 
bilateral olfactory cortices, and bilateral superior medial frontal cortices 
(See Table 2 and Fig. 2). No main effect for the S factor and no inter-
action effect was found for the ALFF signals. 

The interaction effect between the S and P factors was found for 
fALFF signals in the left middle cingulate cortex and the left hippo-
campus (P < 0.05, FWE-corrected, cluster-wise level). No significant 
main effect for S or P factor was found for the fALFF signals (See Table 2 
and Fig. 2). 

Mean fALFF values were extracted from the significant voxels within 
the clusters of the left middle cingulate cortex and the left hippocampus 
to characterize the direction and magnitude of the interaction effects. 

The simple effect analyses revealed the following results. Compared 
with the SCD S-P-, significantly decreased fALFF signals in SCD S-P+ and 
SCD S+P- were reported in the left hippocampus (all P < 0.001). 
Compared with the SCD S+P+, the left hippocampus reported signifi-
cantly reduced fALFF signals in SCD S-P+ and SCD S+P- (all P < 0.001). 
Moreover, significantly increased fALFF signals in the left middle 
cingulate cortex were found in the SCD S-P- subgroup compared with 
SCD S+P- (P = 0.001) and SCD S-P+ (P < 0.001), and in the SCD S+P+
subgroup compared with S+P- (P = 0.001) and SCD S-P+ (P < 0.001) 
(Fig. 2). 

3.4. Interaction, main effects on cortical thickness 

The two-way MANCOVA analysis showed a significant main effect 
for the S factor (F (1, 141) = 2.363, P = 0.021, Wilks’ Lambda 0.876, 
moderate effect size of partial η2 = 0.124), a significant main effect for 
the P factor (F (1, 141) = 2.77, P = 0.007, Wilks’ Lambda 0.858, large 
effect size of partial η2 = 0.142), and a significant interaction effect 
between the two factors (F (1, 141) = 2.782, P = 0.007; Wilks’ Lambda 
0.858, large effect size of partial η2 = 0.142), after controlling for age 
and sex (supplementary materials, Table 4). Further analyses of the in-
dependent variables revealed a significant main effect for the P factor. 
The SCD P- subgroups showed significantly decreased cortical thickness 
in the medial orbitofrontal (F = 16.466, P < 0.001), rostral middle 
frontal (F = 6.654, P = 0.011), insular (F = 5.578, P = 0.020), and 
middle temporal cortical regions (F = 5.771, P = 0.018), compared with 
the SCD P+ subgroups. Moreover, significant S × P interactions were 
found for cortical thickness in the parahippocampal cortex (F = 4.28, P 
= 0.040) and posterior cingulate cortex (F = 6.011, P = 0.015). A 
marginally significant S × P interaction effect was reported on the 
frontal pole cortex (F = 3.455, P = 0.065). No significant main effect for 
the S factor was found for the cortical thickness measure. (Fig. 3; sup-
plementary materials, Table 5). Bonferroni corrected post hoc analyses 
revealed the following results. The cortical thickness in para-
hippocampal in SCD S+P- subgroup was significantly thinner than SCD 
S-P- (P = 0.048) and SCD S+P+ (P = 0.018) subgroups. The posterior 
cingulate cortices in SCD S+P- subgroup was significantly thinner than 
SCD S-P- (P = 0.033) and SCD S+P+ (P = 0.015) subgroups. The frontal 
pole cortex in the SCD S+P- was significantly thinner than the SCD 
S+P+ subgroup (P < 0.001) (Fig. 3; supplementary materials, Table 6). 
The entorhinal cortex was not significant with any effect. In addition, we 
demonstrated the patterns of all cognitive and neuroimaging results 
among all four SCD subgroups (Fig. 4). 

3.5. Partial correlations 

In the entire group, partial correlations between five clusters of fMRI 
indices (see Table 2) and neuropsychological performances were per-
formed, controlling for age, sex, and education years. (See Fig. 5). The 
ALFF value of the bilateral olfactory cortex was positively correlated 
with DOC-N6 (r = 0.225, P = 0.007). The fALFF value of the left middle 
cingulate cortex was negatively correlated with DOC-N5 (r = -0.217, P 
= 0.009). There was no significant correlation between cortical thick-
ness and neuropsychological performances (P > 0.05/8 = 0.006). 

4. Discussion 

The main findings of this study were decreased cognitive perfor-
mance and altered metamemory performance (overconfidence and less 
accuracy of judgment) in a subtype of SCD with slight cognitive 
impairment and no feeling of worse performance than the peers. We also 
found decreased cortical thickness and altered intensity of spontaneous 
brain activity in the medial temporal lobe and midline cortical areas in 
this subtype of SCD individuals. These results suggested that SCD sub-
jects are heterogeneous with respect to metamemory capacity, which 
may be related to structural and functional alterations in key brain areas 

Table 1 
Demographics and cognitive performance scores.   

SCD S-P- SCD S-P+ SCD S+P- SCD S+P+

n = 33 n = 47 n = 29 n = 38 

Age 62.82 
(8.12) 

63.15 
(7.97) 

66.29 
(8.58) 

64.39 (9.02) 

Sex (M/F) 5/28 8/39 10/19 10/28 
Education (year) 13.88 

(2.92) 
12.36 
(2.94) 

12.68 
(3.48) 

12.21 (2.76) 

Mean cortical 
thickness (mm) 

2.33 (0.12) 2.37 (0.15) 2.30 (0.10) 2.37 (0.11) 

General cognitive function 
MMSE*§ 28.61 

(1.25) 
28.15 
(1.53) 

27.72 
(1.51) 

27.53 
(1.83)b 

MoCA-B**§ 26.70 
(2.54) 

26.26 
(2.52) 

24.55 
(3.29)a 

24.65 
(3.68)b 

HAMA 5.26 (2.55) 7.33 (5.18) 7.13 (5.13) 8.23 (5.69) 
HAMD§ 3.25 (3.22) 6.78 (5.62) 5.43 (4.34) 5.30 (5.12) 
Executive function 
STT-A total time 

(second) 
41.21 
(10.70) 

46.11 
(14.49) 

45.50 
(11.63) 

49.89 
(17.62) 

STT-B total time 
(second)* 

110.33 
(37.04) 

110.17 
(33.99) 

132.76 
(42.62)c 

123.24 
(32.72) 

Language function 
AFT** 18.06 

(3.06) 
18.45 
(4.11) 

16.76 
(4.58) 

15.39 
(3.15)b,d 

BNT 25.06 
(3.21) 

25.45 
(2.23) 

24.93 
(2.31) 

23.95 (2.24) 

Memory function 
Immediate recall (IR) 

*** 
20.42 
(5.10) 

19.38 
(4.83) 

15.03 
(3.67)a,c 

15.95 
(5.05)b,d 

Short-term delay 
recall (N4)*** 

7.58 (2.11) 7.13 (2.03) 4.00 
(1.98)a,c 

5.65 
(2.92)b,d,e 

Long-term delay 
recall (N5)***§

7.15 (2.15) 6.98 (1.97) 3.55 
(2.13)a,c 

4.87 
(3.11)b,d 

Long-term cued recall 
(N6)*** 

7.39 (2.44) 6.62 (2.27) 3.61 
(2.28)a,c 

4.89 
(2.91)b,d 

*: P < 0.05; **: P < 0.01; ***: P < 0.001. §: Games-Howell test, rest of items with 
Tukey HSD test. P-/+: peer-related self-evaluation of cognition; S-/+:slight 
cognitive impairment; MMSE, Mini-Mental State Examination; MoCA-B, Mon-
treal Cognitive Assessment Basic Version; HAMA, Hamilton Anxiety Rating 
Scale; HAMD, Hamilton Depression Rating Scale; STT, Shape Trails Test Parts; 
AFT, Animal Verbal Fluency Test; BNT, Boston Naming Test. 

a Significant difference between SCD S-P- and SCD S+P-, P < 0.05. 
b Significant difference between SCD S-P- and SCD S+P+, P < 0.05. 
c Significant difference between SCD S-P+ and SCD S+P-, P < 0.05. 
d Significant difference between SCD S-P+ and SCD S+P+, P < 0.05. 
e Significant difference between SCD S+P- and SCD S+P+, P < 0.05. 

Q. Li et al.                                                                                                                                                                                                                                        



NeuroImage: Clinical 36 (2022) 103255

6

of metamemory processing. 
We found decreased general cognition in SCD S+P- (MoCA) and SCD 

S+P+ (MMSE, MoCA) compared with SCD S-P-. Interestingly, SCD S+P- 
exhibited the worst short-term delay recall (AVLT-N4) among the four 
groups. We also found the individuals with SCD S+P- showed the worst 
metamemory performance, indicated by the highest value in DOC-N4, 
N6, and worst value of ROJ-N4. DOC scores reflect the degree of over-
confidence (value above 1) or underconfidence (value below 1). Our 
results showed that individuals with SCD S+P- tend to be overconfident 
in their performance on the short-term (5 min) delay recall and long- 
term cued recall. There was a significant deviation between self- 
estimated performance and actual performance on AVLT-N4 in SCD 

S+P-. 
To our knowledge, this is the first study to associate the metamemory 

capacity with the feature of a feeling of worse performance relative to 
peers in SCD. We used objective methods to measure metamemory 
under the influence of with and without a slight cognitive impairment in 
individuals with SCD. We detected a subtype of SCD with reduced 
metamemory capacity. Previous studies showed that reduced meta-
memory capacity might potentially influence the accuracy of self- 
judgment of cognitive performance (Saenz et al., 2017; Bahrami et al., 
2020). Our findings indicate that at least a subtype of SCD may have 
distorted self-awareness of own cognition, which may interfere with the 
self-monitoring, self-judgment, and self-report of one’s cognition in the 
SCD stage. The results obtained in our study were consistent with those 
of the previous studies on metamemory in MCI and AD dementia, 
(Edmonds et al., 2018; Rosen et al., 2014) such that impaired cognitive 
state is often accompanied by disturbed self-awareness of memory def-
icits. Significant patient/caregiver discrepancies were found in MCI on 
objective scales (Everyday Cognition Questionnaire, ECog) or impaired 
performance on Feeling of Knowing a metacognition task). (Edmonds 
et al., 2018; Rosen et al., 2014) There were discrepancies between self 
and objective (informant or scales) reports in patients with MCI and AD. 
(Fragkiadaki et al., 2016; Souchay, 2007; Steward et al., 2019a; Wadley 
et al., 2003). 

In our study, the supporting evidence for the discrepancies between 
subjective feelings and objective performance in a subgroup of SCD 
(S+P-) was the significantly reduced cognitive performance and the 
worst metamemory capacity (the highest value in DOC-N4, N6, and 
worst value of ROJ-N4) compared to other SCD subgroups. These results 
suggested that they had lost some of the accuracies on judgments and 
tended to be overconfident, though they did not feel any worse off than 
their peers. The feature of overconfidence on cognitive performance was 
reported in mild AD dementia and MCI in previous studies; older people 
with cognitive impairment may lack sufficient self-awareness of their 
deficits—leading to underreporting of their difficulties. (Fragkiadaki 
et al., 2016; Souchay, 2007; Steward et al., 2019a) The inability to 
recognize cognitive, behavioral, or functional impairment occurring as a 
complex phenomenon of a dementing illness is indicated as “anosog-
nosia”, “lack of insight”, or “unawareness of disease”. (Tondelli et al., 
2018) Previous studies indicated that memory dysfunction might affect 
the immediate ability to judge cognitive performance, (Ansell and 
Bucks, 2006; Hannesdottir and Morris, 2007; Martyr et al., 2014; Ton-
delli et al., 2018) and anosognosia in AD can in part be explained by a 

Fig. 1. Main effect and interaction effect on metamemory scores. After controlling for the influence of age and sex. Bonferroni’s adjusted group comparisons showed 
the significant difference between SCD S- and SCD S+ on EOP-N4, N5, N6, and DOC-N5, all with P < 0.05, and post hoc analyses for interaction effect on ROJ-N4, 
DOC-N4, and DOC-N6.*: P < 0.05. 

Table 2 
Functional brain imaging results.   

Clusters BA Volumes x, y, z T Z 

ALFF  
Main effect for the P-/þ (P- > P þ )   

Cluster 1 BA11 100 -12 22 
-28  

4.98  4.77  

Left superior orbitofrontal 
gyrus, extending to left 
inferior orbitofrontal gyrus       
Cluster 2 BA25 121 -10 10 

-16  
4.19  4.06  

Bilateral olfactory cortices, 
extending to left rectus       
Cluster 3 BA10 140 0 68 

10  
4.62  4.45  

Bilateral superior medial 
frontal cortices      

fALFF  
Interaction effect of S-/þ*P-/þ

Cluster 1 BA23 81 -14 
-38 34  

4.43  4.28  

Left middle cingulate cortex  
Cluster 2 BA37 74 -28 

-24 2  
4.20  4.07  

Left hippocampus     

P-/+: peer-related self-evaluation of cognition; S-/+:slight cognitive impair-
ment; ALFF = the amplitude of the low frequency fluctuation; BA = Brodmann 
area; fALFF = fractional low-frequency fluctuation amplitude. 
P < 0.05, FWE-corrected, cluster-wise level. 
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Fig. 2. Interaction effect, main effect, and simple effect analyses in fMRI. Interaction effect, main effect, and simple effect analyses in fMRI, controlling with the 
influence of age, sex, and education. A-B: The interaction effect between the S and P factors was found for fALFF signals in the left middle cingulate cortex and the left 
hippocampus (all P < 0.05, FWE-corrected, cluster-wise level); C: The main effect of the P factor was found for decreased ALFF signals in the SCD P+ groups, 
including the left superior orbitofrontal gyrus, bilateral olfactory cortices, and bilateral superior medial frontal cortices (all P < 0.05, FWE-corrected, luster-wise 
level); D: Mean fALFF (mfALFF) values were extracted from the left hippocampus and left middle cingulate cortex, simple effect analyses were performed in 
two regions. 

Fig. 3. Main effect and interaction effect on cortical thickness. Left: Bonferroni’s adjusted group comparisons showed the significant difference between SCD P- and 
SCD P+ on the cortical thickness of medial orbitofrontal, rostral middle frontal, insula, and middle temporal cortices, all with P < 0.05; Right: Bonferroni corrected 
post hoc analyses for interaction effect on the cortical thickness of parahippocampal and posterior cingulate cortices and frontal pole, *: P < 0.05; All results were 
controlled for age and sex. 
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loss of mnemonic ability in which knowledge about self-ability is 
degraded. (Robin and Daniel, 2013). 

We found significant differences between SCD P- and SCD P+ in 
functional and structural imaging. Compared with SCD P+, SCD P- 
subjects showed decreased cortical thickness in the medial orbitofrontal, 
rostral middle frontal, insular, and middle temporal regions. This 
finding is consistent with previous studies showing associations between 

impaired metacognition or anosognosia and AD pathophysiology (tau-
opathy, (Vannini et al., 2019) atrophy, (Cosentino et al., 2015; Genon 
et al., 2016; Steward et al., 2019b) abnormal glucose metabolism, 
(Perrotin et al., 2015) or dysfunction (Zamboni et al., 2013; Perrotin 
et al., 2015) in the middle temporal lobe, (Genon et al., 2016; Vannini 
et al., 2019) orbital frontal lobe, (Lak et al., 2014; Hallam et al., 2020; 
Perrotin et al., 2015) insula, (Cosentino et al., 2015; Steward et al., 

Fig. 4. The alternations of neuroimaging and cognitive scores among four groups. ALFF/fALFF: the mean ALFF value of Frontal_Sup_Medial_B, Frontal_Sup_Orb_L 
and Olfactory_B/ the mean fALFF value of Hippocampus_L and Cingulum_Mid_L. Frontal_Sup_Medial_B, Bilateral superior medial frontal cortices; Frontal_Sup_Orb_L, 
Left superior orbitofrontal gyrus; Olfactory_B, Bilateral olfactory cortices; Hippocampus_L, Left hippocampus; Cingulum_Mid_L, Left middle cingulate cortex; PCC, 
Posterior cingulate cortex; mOFC, Medial orbitofrontal cortex; RMFG, Rostral middle frontal gyus. 

Fig. 5. Partial correlations between ROIs and neuropsychological performances. Partial correlation analyses were conducted between five clusters of fMRI and 
neuropsychological performances among all participants, controlling for age, sex, and education years. The level of significance was set at P < 0.05/5 = 0.01. 
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2019b) and middle frontal cortex. (Genon et al., 2016; Zamboni et al., 
2013; Hallam et al., 2020) The lack of insight of worse cognition than 
peers may reflect a reduced ability of ongoing appraisal and monitoring 
of their cognitive performance in everyday life, probably related to the 
altered structure in the key areas of metamemory processing. We also 
found a heightened intensity of spontaneous brain activity (ALFF) in the 
medial frontal regions (left superior orbitofrontal, bilateral superior 
medial frontal, and bilateral olfactory areas) in the SCD P- than in the 
SCD P+ subjects. Previous findings on the association between the 
spontaneous brain activity value and anosognosia are heterogeneous. 
Both increased and decreased intrinsic functional connectivity values 
associated with patients with disturbed self-awareness/consciousness 
have been observed. (Perrotin et al., 2015; Yao et al., 2015) There-
fore, our findings on the association between spontaneous fluctuation 
measured by ALFF and the P factor remain to be investigated in more 
detail in the future. 

In addition, we found that the parahippocampal, posterior cingulate, 
and frontal pole cortices were correlated with both the P and S factors. 
Previous neuroimaging studies have implicated that the frontal cortex, 
(Hu et al., 2017) posterior cingulate cortex (PCC) were the neural basis 
of self-awareness. (Hallam et al., 2020) There was intrinsic connectivity 
between PCC and hippocampus areas belonging to the default mode 
network. (Perrotin et al., 2015) A personal database (memory storage) 
plays a crucial role in memory awareness, and the parahippocampal 
plays a key role in memory encoding and episodic memory. (Hu et al., 
2017) Long-term memory impairment can cause a deterioration in self- 
awareness. (Tondelli et al., 2018) A previous study mentioned that 
disruption of the cingulum bundle is related to perturbation of the 
hippocampus. (Villain et al., 2008) Our partial correlation analyses also 
revealed a significant positive correlation between bilateral olfactory 
cortices ALFF value and the degree of confidence for long-term cued 
recall (DOC-N6) and a negative correlation between left middle cingu-
late cortex fALFF value and the degree of confidence for long-term 
delayed recall (DOC-N5). Both the olfactory cortex (i.e., a subregion of 
the ventromedial prefrontal cortex) and the cingulate cortex are crucial 
regions for self-awareness. (Bertrand et al., 2018; Huntley et al., 2021) It 
is not clear why activations in these two regions showed opposite as-
sociations with the metamemory performance and should be investi-
gated in more detail in the future. 

SCD has been accepted as a risk condition for AD. Nevertheless, it is 
also recognized as a heterogeneous construct. Efforts have been made to 
identify additional features that may increase the likelihood of pre-
clinical AD in this population, which is known as SCD-plus criteria. In 
the current set of SCD-plus features suggested by the international 
working group, (Jessen et al., 2020) the feeling of worse performance 
than others of the same age group has been removed due to a lack of 
further supporting evidence. However, a tremendous amount of SCD 
individuals in the clinical practice in east china complain of have worse 
cognitive states when compared with peers. Indeed, all existing pieces of 
evidence for SCD-plus criteria are based on research findings from 
western SCD cohorts. Our study with the SCD subjects from the Asian 
population provided additional supporting evidence for the importance 
of this SCD feature (together with the feature of subtle cognitive 
decline). Future studies need to quantify the likelihood of AD pathology 
and longitudinal cognitive changes in this specific subtype of SCD. 

5. Conclusion 

In the current study, we found that a subtype of SCD (SCD S+P-) with 
slight cognitive impairment had the poorest memory performance and 
biased metamemory performance (lack of judgment accuracy and 
overconfidence in their own memory performance) compared to other 
SCD individuals, despite subjectively feeling similar performance 
compared to peers. Meanwhile, SCD S+P- showed decreases in regional 
cortical thickness and altered intensity of spontaneous brain activity in 
the midline brain areas and medial temporal lobe, which may underlie 

the alterations in the metamemory capacity in these subjects. This is the 
first study on metamemory performance in SCD with different subtypes. 
The current analysis is a part of an ongoing large-scale multimodal 
imaging study. Future investigations will include more participants and 
incorporate other modalities such as molecular imaging and blood- 
based biomarkers. 
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