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A B S T R A C T   

Decreased awareness of memory declines in mild cognitive impairment (MCI) has been linked to structural or 
functional changes in a wide gray matter network; however, the underlying white matter pathway correlations 
for the memory awareness deficits remain unknown. Moreover, consistent findings have not been obtained 
regarding the cognitive basis of disturbed awareness of memory declines in MCI. Due to the methodological 
drawbacks (e.g., correlational analysis without controlling confounders related to clinical status, a problem 
related to the representativeness of the control group) of previous studies on the aforementioned topic, further 
investigation is required. To addressed the research gaps, this study investigated white matter microstructural 
integrity and the cognitive correlates of memory awareness in 87 older adults with or without mild cognitive 
impairment (MCI). The patients with MCI and healthy controls (HCs) were divided into two subgroups, namely 
those with normal awareness (NA) and poor awareness (PA) for memory deficit, according to the discrepancy 
scores calculated from the differences between subjective and objective memory evaluations. Only the results for 
HCs with NA (HC-NA) were compared with those for the two MCI groups (i.e., MCI-NA and MCI-PA). The three 
groups were matched on demographic and clinical variables. An advanced diffusion imaging techni-
que—diffusion spectrum imaging—was used to investigate the integrity of the white matter tract. The results 
revealed that although the HC-NA group outperformed the two MCI groups on several cognitive tests, the two 
MCI groups exhibited comparable performance across different neuropsychological tests, except for the test on 
reasoning ability. Compared with the other two groups, the MCI-PA group exhibited lower integrity in bilateral 
frontal-striatal fibers, left anterior thalamocortical radiations, and callosal fibers connecting bilateral inferior 
parietal regions. These results could not be explained by gray matter morphometric differences. Overall, the 
results indicated that mnemonic anosognosia was not sufficient to explain the memory awareness deficits 
observed in the patients with MCI. Our brain imaging findings also support the concept of anosognosia for 
memory deficit as a disconnection syndrome in MCI.   

1. Introduction 

A diminished ability to recognize the presence or perceive the 
severity of cognitive deficits, which is referred to as anosognosia, is a 
common feature in Alzheimer’s disease (AD) (Lenzoni et al., 2020; 

Morris and Mograbi, 2013); however, large variability exists in the 
incidence and prevalence of anosognosia of memory deficits (Mon-
dragon et al., 2019). Disturbed awareness of cognitive changes in the 
context of pathological aging negatively influences patients’ safety and 
health outcomes, their decision-making capacity, and caregiver quality 
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of life (Al-Aloucy et al., 2011; Cosentino et al., 2011; DeFeis et al., 2019). 
Given that mild cognitive impairment (MCI) may represent the pro-
dromal stage of dementia, investigating the similarities in the charac-
teristics of MCI and dementia may be crucial to understand the evolution 
of cognitive deficits during the dementing process and to evaluate de-
mentia risks. However, mixed results have been obtained regarding 
whether disturbed awareness of cognitive changes can be identified in 
MCI. Some studies have provided evidence that aspects of decreased 
awareness of memory difficulty can be observed in patients with 
amnestic MCI, and anosognosia has been identified as an independent 
predictor of conversion from MCI into AD (Gerretsen et al., 2017; 
Spalletta et al., 2014). However, a meta-analysis indicated that patients 
with MCI are as reliable as healthy older adults for self-reporting 
cognitive dysfunction (Piras et al., 2016). These conflicting findings 
warrant further investigation. An important point is that many studies 
that have investigated anosognosia of memory deficits in MCI have 
tended to examine patients with MCI as a homogenous group without 
considering the marked variations in clinically observed awareness of 
memory loss across individuals (Chao et al., 2021; Mondragón et al., 
2019; Piras et al., 2016). Therefore, examining the underpinnings of the 
differences between the neuropsychological presentations and neural 
mechanisms of MCI with and without anosognosia is crucial. 

The neuropsychological correlates of memory awareness have been 
widely investigated, and the complexity of the concept of self-awareness 
has been highlighted in different models. For example, the Cognitive 
Awareness Model (CAM) provides a neurocognitive mechanism to ac-
count for heterogeneous bases of awareness deficits (Morris and Mog-
rabi, 2013). The CAM posits that an executive anosognosia can occur 
when the comparator mechanism fails to detect memory errors or does 
not perceive errors as affectively salient. By contrast, a mnemonic 
anosognosia can arise because individuals fail to update or consolidate 
their representation of the self’s ability over time (Mograbi et al., 2009). 
Similar to AD literature (Gallo et al., 2012; Lenzoni et al., 2020), several 
studies conducted among patients with MCI have identified the major 
role of memory deficits in decreased metamemory (Perrotin et al., 2007; 
Piras et al., 2016; Ryals et al., 2019). These studies have postulated that 
the awareness deficits in MCI patients are a product of “forgetting that 
one forgets.” In contrast to the notion of mnemonic anosognosia, some 
studies have failed to find an association between memory and meta-
memory in patients with AD (Bertrand et al., 2019; Cosentino et al., 
2007). Other studies have highlighted the effect of executive function, 
which serves as a comparator mechanism, on memory awareness in MCI 
(Chao et al., 2021; Senturk et al., 2017); however, some studies have 
failed to identify an association between executive function and memory 
awareness in patients with MCI (Perrotin et al., 2007; Piras et al., 2016). 
Overall, although considerable variability has been observed across 
studies, most current evidence supports a relationship between cogni-
tive impairment and decreased memory awareness in MCI. Similar to 
AD, the anosognosia in MCI may reflect, at least in part, a failure to 
update one’s autobiographical knowledge (Clare et al., 2011) regarding 
impaired cognitive abilities due to impaired memory ability, executive 
function, or a combination of both. 

Although the cognitive mechanisms of anosognosia have been 
widely studied, the neural basis of metacognitive deficits has not been 
investigated in detail. The available evidence links impaired self- 
awareness of memory deficits in MCI with structural, metabolism, or 
perfusion abnormalities in a range of brain networks, including the 
hippocampus, prefrontal, temporopolar, and parietal regions (Mon-
dragon et al., 2019; Therriault et al., 2018; Vannini et al., 2017; Zam-
boni et al., 2013). Functional connectivity studies have also revealed 
that anosognosia is associated with attenuated functional connectivity 
between the posterior cingulate cortex and prefrontal as well as bilateral 
inferior parietal lobes in amnestic MCI compared with healthy controls 
(HCs) (Berlingeri et al., 2015; Vannini et al., 2017). Overall, the wide-
spread involvement of brain regions suggests the existence of a complex 
cortico-subcortical circuit underlying awareness of memory function. 

The aforementioned results obtained through functional imaging pro-
vide further evidence supporting the hypothesis that anosognosia may 
be associated with functional metabolic changes and may represent 
functional disconnection between brain regions supporting self- 
referential processing and memory processing (Vannini et al., 2017). 
An interesting question is whether this wide network disconnection can 
be observed not only functionally but also anatomically. Diffusion im-
aging can be used to examine the strength of white matter microstruc-
ture connectivity in the brain. However, although several studies have 
focused on the anosognosia of physical body function (e.g., awareness of 
hemiplegia) and white matter connectivity in stroke patients (Monai 
et al., 2020), to the best of our knowledge, only one study (Baird et al., 
2015) has investigated the white matter correlates of memory awareness 
for an in-session memory task. That study focused on young adults 
(mean age = 21.5 years) and found that the ability to make accurate 
metamemory judgments is associated with increased diffusion anisot-
ropy in tracts extending into the right inferior parietal lobule in the 
region near the angular gyrus (Baird et al., 2015). No study has yet 
examined the memory awareness ability and white matter connectivity 
in populations with MCI. 

Previous studies that have examined the neural correlates of memory 
anosognosia in populations with MCI or AD have essentially treated the 
diagnostic group as a single entity and have reported correlations be-
tween variables representing brain function or morphology. However, 
inferring causation from correlational studies is difficult because the 
brain–behavior relationship may result from a third variable. For 
example, increases in anosognosia are often accompanied by increased 
severity in the cognitive impairments of patients with MCI or AD, which 
could be a confounder in the correlation observed between the ano-
sognosia and neural substrates or cognitive variables. Consequently, the 
associations observed in the aforementioned studies may reflect a 
diagnosis or disease effect rather than a true association related to 
memory awareness functioning. Thus, characterizing the intergroup 
variability in memory awareness and other clinical characteristics is 
crucial before examining the behavior–brain relationship. Furthermore, 
studies have often assumed that HCs represent a group of participants 
with good memory awareness, and the cognitive performance or brain 
measurements of the HC group has often been compared with that of 
diagnostic groups. However, some studies have observed a degree of 
metacognitive ability among cognitively unimpaired healthy adults, 
even young adults (Baird et al., 2015; Chao et al., 2021; Selmeczy and 
Dobbins, 2017). Accordingly, a rigorous definition of the control group 
is crucial when investigating the intergroup variability of patient 
groups. 

The present study addressed the aforementioned research gaps and 
comprised two parts. First, we examined the similarities and differences 
in the neuropsychological profiles of two MCI subgroups (i.e., those with 
normal and poor memory awareness) and an HC group with normal 
awareness (NA). With regard to the neuropsychological profiles, we 
focused on memory and executive functions. Second, the white matter 
network associated with anosognosia for memory function in MCI was 
mapped. The present study investigated four tract groups of interest : (1) 
hippocampus-related limbic circuit fibers, (2) association fibers con-
necting the frontal region to the inferior parietal and temporal regions, 
(3) frontal–subcortical projection fibers, and (4) callosal fibers con-
necting anterior and posterior brain regions. Notably, these fiber tracts 
were selected on the basis of the wide gray matter network identified in 
the aforementioned structural and functional imaging studies of mem-
ory anosognosia. The identified gray matter network includes the hip-
pocampus, prefrontal, temporopolar, and parietal regions. The callosal 
fibers connecting to anterior and posterior brain regions were also 
included in the present study because of their roles in transferring 
relevant information between bilateral target end zones (i.e., prefrontal 
and parietal regions) (van der Knaap and van der Ham, 2011). Varia-
tions in white matter microstructure are hypothesized to underlie group 
differences in anosognosia for memory impairment in patients with MCI. 
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A compromised connection related to the medial and lateral temporal 
systems (e.g., hippocampus-related fibers and uncinate fasciculus) is 
expected to be observed if processes of personal memories (Andrews- 
Hanna et al., 2010) play an essential role in accounting for anosognosia 
in MCI. By contrast, if the involvement of the executive control system is 
crucial, white matter fibers in the frontal regions, including fron-
tal–subcortical projection fibers, are expected to account for anosog-
nosia for the memory impairment observed in MCI. MCI with impaired 
memory awareness has been hypothesized to be associated with 
compromised white matter integrity in tracts involving parietal regions, 
particularly the inferior parietal lobule, because these regions are vital 
regions associated with metamemory (Chua et al., 2009; Elman et al., 
2012) and play important roles in coding information pertaining to 
memory or directing attention to memory representations (Cabeza et al., 
2012, 2008). 

2. Materials and methods 

2.1. Participants 

This study involved 87 older adults without dementia, of whom 46 
were diagnosed with MCI and 41 were age- and education-matched 
cognitively unimpaired HCs. All participants were right-handed. The 
HC participants were recruited from local communities, and the par-
ticipants with MCI were recruited from the memory clinics of local 
hospitals. Potential participants were thoroughly screened through in-
terviews to exclude individuals with a current or past diagnosis of a 
neurological or psychiatric disorder, a known head injury with loss of 
consciousness, contra-indications for MRI scanning, alcohol or sub-
stance abuse, or extensive white matter hyperintensities on structural 
MRI. The present study was approved by the Ethics Committee and 
Institutional Review Board of National Taiwan University Hospital. 
Before conducting the experimental procedures, written informed con-
sent was obtained from all the participants. 

The participants were classified as having MCI according to criteria 
adapted from Petersen and Morris (Petersen and Morris, 2005). The 
criteria were the following: (1) normal activities of daily living, (2) 
absence of dementia, and (3) mild quantifiable cognitive impairment in 
one or more domains. The criterion of appearance of subjective or 
informant-reported memory decline was not required for enrollment 
into the present study. The criterion of objective cognitive impairment 
was operationally defined as performance ≥ 1 standard deviation lower 
than the age-appropriate norm on at least two measures in at least one 
cognitive domain. This definition was adopted to balance the reliability 
and rigor of MCI diagnoses with the sensitive detection of mild im-
pairments in cognition (Chang et al., 2015; Jak et al., 2009a, 2009b; 
Loewenstein et al., 2009). According to the aforementioned criteria, the 
MCI sample in the present study comprised 21 participants with 
impairment in only episodic memory [i.e., single-domain amnestic MCI 
(S-aMCI)], 23 participants with impairments in their memory and other 
cognitive function domains [i.e., multidomain amnestic MCI 
(M− aMCI)], and 2 participants with impairments in one of the non-
episodic memory function domains [i.e., single-domain nonamnestic 
MCI (S-naMCI)]. 

2.1.1. Estimation of awareness of memory deficits 
Studies have obtained inconsistent results on the neuropsychological 

correlates of memory awareness possibly due to the poor characteriza-
tion of the intragroup variability in the memory awareness ability of 
MCI or HC groups. Accordingly, in the present study, the MCI and HC 
groups were further divided into two subgroups, namely those with poor 
awareness (PA) and NA for the low objective memory function based on 
a discrepancy measure adapted from the study of Miskowiak et al. 
(Miskowiak et al., 2016). Specificially, the z-transforming difference 
score between the subjective and objective memory evaluations was 
calculated for each participant by using the following formula: inversed 

z-transforming subjective scores − objective memory composite z- 
scores. The details of the measures used to indicate subjective and 
objective memory function are described in the following sections. 
Notably, the z-scores of subjective memory evaluation based on the self- 
report questionnaire were inversed before deriving the discrepancy 
scores to maintain consistency with the direction of the objective 
memory results (i.e., higher scores indicate better memory function). A 
positive discrepancy score indicated that the participants’ rank ordering 
for their subjective evaluation was higher than that for their objective 
performance, which suggested an overestimation of their objective 
memory function. By contrast, a negative discrepancy score indicated an 
underestimation of the objective memory function. Scores near 0 were 
considered to indicate relatively high concordance between self- 
evaluated memory function and objective memory performance. In 
the present study, we investigated poor self-awareness of memory def-
icits. All the participants were divided into two subgroups: (1) the PA 
subgroup (MCI-PA, n = 22; HC-PA, n = 5) and (2) the NA subgroup 
(MCI-NA, n = 24; HC-NA, n = 36). The PA subgroup comprised in-
dividuals whose objective memory performance was overestimated 
(defined as having a discrepancy score ≥ 0.5). The NA subgroup 
comprised individuals whose objective memory performance was 
accurately estimated or underestimated (defined as having a discrep-
ancy score < 0.5). Due to the small sample size of the HC-PA subgroup 
and the primary focus on the MCI groups in this study, the following 
analyses mainly focused on comparing the behavior and brain charac-
teristics among the two MCI subgroups and the HC-NA subgroup. 

2.2. Neuropsychological data acquisition 

A neuropsychological test battery was conducted to assess the per-
formance in four cognitive domains. The battery included the following 
tests: (1) Learning and Memory: (1a) logical memory (LM) immediate and 
delayed recall of the Wechsler Memory Scale-III (WMS-3) (Hua et al., 
2005) and (1b) the California Verbal Learning Test, Second Edition 
(CVLT-II) (Delis, 2000), total learning and long delayed free recall; (2) 
Executive Function: (2a) matrix reasoning subtest of the Wechsler Adult 
Intelligence Scale, Third Edition (WAIS-3) (Chen and Chen, 2002), (2b) 
the switching condition of the design fluency test of the Delis–Kaplan 
Executive Function System (Delis et al., 2001), (2c) digit span backward 
length of the WAIS-3, and (2d) the color–word interference condition of 
the Stroop task (Stroop-cw) (Golden, 1978); (3) Attention: (3a) digit span 
forward length of the WAIS-3 and (3b) digit symbol substitution subtest 
of the WAIS-3; and (4) Language: (4a) vocabulary subtest of the WAIS-3 
and (4b) the animal fluency test (Benton et al., 1994; Hua et al., 1997). 
In addition to cognitive measures, we evaluated the Framingham Stroke 
Risk Profile (FSRP) (D’Agostino et al., 1994) to examine the cerebro-
vascular risk burden. The Clinical Dementia Rating (CDR) scale (Morris, 
1993) and Geriatric Depression Scale (GDS): Short Form (Mui, 1996) 
were also used for assessing the functional status and depression status, 
respectively. 

2.2.1. Objective memory index 
The four memory variables (i.e., LM immediate and delayed recall as 

well as CVLT-II List A 1–5 total recall and long delayed free recall) ob-
tained from the LM and CVLT-II were used to compute the composite z- 
scores of episodic memory. Specifically, the raw scores of the partici-
pants’ performance on each memory variable were first transformed 
into four z-scores according to the norms of each memory variable ob-
tained from the entire participant pool in the present study. The four z- 
scores were then averaged, and the resulting composite z-scores repre-
sented the participants’ relative performance on memory function, with 
positive values representing better objective memory performance. 

2.2.2. Subjective memory index 
Green’s Memory Complaints Inventory (Green and Allen, 2004) was 

used to evaluate the participants’ self-perception of their memory 
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function. This questionnaire contains nine subscales that represent 
different aspects of self-reported memory problems (i.e., general mem-
ory problems, verbal memory problems, visuospatial memory problems, 
numerical information problems, pain interferes with memory, memory 
interferes with work, impairment of remote memory, amnesia for 
complex behavior, and amnesia for antisocial behavior). Because verbal 
memory is the most commonly reported problem encountered by older 
adults (Amariglio et al., 2011), we used two subscales—the General 
Memory Problems and Verbal Memory Problems subscales—to indicate 
subjective memory evaluations. Lower scores on the self-evaluated 
questionnaire reflected a lower endorsement of memory problems for 
an individual. To ensure consistency with the direction of the objective 
memory results, the z-scores of the subjective memory evaluations based 
on the questionnaire were inversed before determining the discrepancy 
scores. 

2.3. MRI data acquisition 

The participants were scanned using a 3-Tesla MRI system (Magne-
tom Trio, Siemens, Erlangen, Germany) equipped with a 32-channel 
phased-array head coil. An axial plane parallel to the anterior and pos-
terior commissure lines was determined for the section orientation of the 
T1- and T2-weighted structural MRI and diffusion spectrum imaging 
(DSI) scans. High-resolution T1-weighted images were acquired using a 
three-dimensional magnetization-prepared rapid gradient echo 
sequence [repetition time (TR)/echo time (TE) = 2000 ms/2.98 ms, flip 
angle = 9◦, field of view (FOV) = 256 × 256 × 192 mm3, acquisition 
matrix = 256 × 256 × 192 mm3, and voxel size = 1 mm3]. To provide an 
anatomical reference, T2-weighted structural images were also acquired 
with a turbo spin-echo sequence (TR/TE = 9430/101 ms, flip angle =
150◦, FOV = 248 × 248 mm2, matrix size = 256 × 256, and section 
thickness = 3 mm) to cover the entire brain. 

An advanced diffusion imaging method, namely DSI, was employed 
to examine the white matter network disconnection in relation to indi-
vidual differences in memory awareness accuracy. The DSI technique 
enables highly accurate mapping of axonal trajectories because it can 
address problems associated with other diffusion imaging approaches, 
such as diffusion tensor imaging (DTI), by reducing the cross-fiber 
problem, which can result in the significant underestimation of the 
distribution of fiber pathways and in inaccuracies in identifying regions 
with partial volumes of cerebrospinal fluid or gray matter (Wedeen 
et al., 2005, 2008, 2012). DSI was performed using a single-shot spin- 
echo echo-planar imaging sequence (TR/TE = 9600/130 ms, flip angle 
= 90◦, FOV = 200 × 200 mm2, acquisition matrix = 80 × 80, slice 
thickness = 2.5 mm, slice number = 56, and no gap) embedded with 
twice-refocused diffusion-sensitive gradients to minimize eddy-current- 
induced geometric distortions (Reese et al., 2003). Half-sphere sampling 
was employed in this study to reduce the total scan time. A total of 102 
diffusion gradient vectors were applied, and each vector corresponded 
to the grid point filled in the half sphere of a 3D diffusion-encoding space 
(q-space) with a radius of 3 units (|q| ≤ 3) and maximum diffusion 
sensitivity (bmax) of 4000 s/mm2 (Kuo et al., 2008). Neuroimaging data 
were collected within 6 weeks of the neuropsychological evaluation. 

2.4. Data analysis 

2.4.1. Cortical parcellation and volumetric segmentation 
The T1-weighted structural images were reviewed for quality and 

were registered to the study template. Volumetric segmentation (Fischl 
et al., 2002, 2004) and cortical surface reconstruction (Dale et al., 1999; 
Dale and Sereno, 1993; Fischl et al., 1999, 2004) were performed using 
FreeSurfer software (http://surfer.nmr.mgh.harvard.edu/). To limit the 
number of comparisons, only brain regions relevant to memory aware-
ness, as indicated by previous studies, were included in the analysis. 
These included regions were the bilateral hippocampus (volumetric 
measures) and regions (thickness measures) of the inferior parietal 

lobule and prefrontal lobes (i.e., medial orbital, caudal middle, rostral 
middle, pars opercularis, and pars triangularis). To further reduce the 
number of comparisons, the five prefrontal variables were combined and 
averaged as a composite frontal variable. In addition to the regional gray 
matter volumetric and thickness measures, global measures of brain 
morphometry, including the total cerebral gray matter volume 
(excluding the volume of the brainstem and cerebellum), total cerebral 
white matter [excluding the cerebellar white matter volume but 
including the white matter hypointensity (WMH) volume], and esti-
mated total cranial vault (eTIV) volume, were included in this study. 

2.4.2. Processing and analysis of the diffusion imaging data 
All the collected images were subjected to quality assurance to 

ensure that no significant signal dropout occurred due to head motions 
before the reconstruction of the DSI data. Specifically, the criterion for 
poor dataset quality was set at >90 images of signal loss, which corre-
sponded to a 6% error in the generalized fractional anisotropy (GFA) 
estimation. The images of all the participants in this study passed the 
quality assurance. The 102 acquired diffusion-attenuated signals from 
the half sphere were projected to fill the sphere’s other half for each 
voxel. The diffusion probability density function (PDF) was recon-
structed using the three-dimensional Fourier transform of signal in-
tensity in the q-space. The second moment of the PDF along each of the 
362 radial directions in a six-fold tessellated icosahedron was computed 
to obtain an orientation distribution function (ODF). The intravoxel 
fiber orientations were determined from the decomposed ODFs to 
identify the fiber direction field for tractography (Yeh and Tseng, 2013). 
A scalar measure of the degree of diffusion directionality, namely the 
GFA, was defined for each voxel according to the following formula: 
standard deviation of the ODF/root mean square of the ODF (Tuch, 
2004). The mean GFA (mGFA) of each tract bundle is a DSI metric that is 
analogous to fractional anisotropy in DTI. The mGFA reflects the 
microstructural integrity of the white matter tract. 

Tract-based automatic analysis (TBAA) was performed to reconstruct 
the white matter tracts of interest by using the method developed by 
Chen et al. (2015). Specifically, a study-specific template (SST) was first 
created from the DSI data of all the participants in the present study. The 
SST was then registered to a standard DSI template, namely NTU-DSI- 
122 (Hsu et al., 2015), to obtain the sampling coordinates. During the 
registration, the diffeomorphic anatomical registration through expo-
nentiated lie algebra (DARTEL) algorithm of SPM12 was used to register 
the mean tissue probability map of the SST to the Montreal Neurological 
Institute (MNI) space, which resulted in the generation of a trans-
formation map. The diffusion-weighted images of the SST were then 
transformed into the MNI space according to the transformation map 
obtained in the previous step. Subsequently, the transformed SST was 
registered to the NTU-DSI-122 template by using the large deformation 
diffeomorphic metric mapping (LDDMM)-DSI algorithm (Hsu et al., 
2012), and a transformation map was produced. After the registration 
process was completed, the fiber tract coordinates in NTU-DIS-122, 
which are in the MNI space, were transformed into the DSI data of 
each participant to determine the mGFA of each tract bundle. The 
quality of registration was validated and showed robustness regardless 
of sample age and sex in our previous study (Tseng et al., 2021). 

The tracts of interest included four groups of fibers: (1) 
hippocampus-related limbic circuit fibers, namely the bilateral fornix 
and inferior cingulum (IC, connection from the posterior cingulum to the 
hippocampus); (2) association fibers connecting the lateral frontal re-
gion to the inferior parietal and temporal regions, namely bilateral su-
perior longitudinal fasciculus-III (SLF-III), inferior fronto-occipital 
fasciculus (IFOF), and uncinate fasciculus; (3) frontal–subcortical pro-
jection fibers, namely bilateral dorsal frontal–striatal tracts (striatal 
connections to the medial frontal and superior frontal regions), ventral 
frontal–striatal tracts (striatal connections to the inferior and middle 
frontal gyrus), and anterior thalamocortical radiations–ventral frontal 
part (to the orbitofrontal, middle, and inferior frontal regions); and (4) 
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callosal fibers, namely the corpus callosum of the dorsal (mainly the 
medial frontal and superior frontal regions) and ventral (mainly the 
inferior and middle frontal gyrus) prefrontal, inferior parietal lobule, 
and splenium regions. 

2.4.3. Statistical analyses 
Analyses of variance (ANOVAs) and chi-square tests were used to 

compare group demographics (age, education attainment, and sex dis-
tribution) and clinical data (e.g., CDR sum-of-boxes, GDS, and FSRP 
scores) at an α level of 0.05. For group comparisons of other neuro-
psychological variables, we conducted a multivariate analysis of 
covariance (MANCOVA) by controlling for the educational level and 
then performed a post hoc univariate comparison at an α level of 0.0042. 

Brain morphometric variables, including global measures of the 
brain (i.e., total cerebral gray matter volume, total cerebral white 
matter, eTIV volume, and WMH estimates) and regional gray matter 
volumetric and thickness measures, were compared among groups by 
using ANOVAs. The effects of sex were regressed from all gray matter 
thickness and volumetric measures, and standardized residual values 
were used for the analyses. In addition, we corrected the bilateral hip-
pocampal volumes according to differences in head size by regressing 
the eTIV volume (derived from an atlas scaling factor described by 
Buckner et al. (Buckner et al., 2004)). 

To evaluate white matter diffusion variables, analyses of covariance 
(ANCOVAs) that were controlled for sex were used for assessing group 
differences in the mGFA values of the four fiber tract groups. The effect 
sizes were calculated for pairwise comparisons of cognitive and brain 
variables that were significant according to Cohen’s d (Cohen, 1977). 
Spearman correlation analyses were conducted for all the participants 
and only the patients with MCI to examine the association of white 
matter variables with the discrepancy scores between subjective and 
objective evaluations of memory function. Given the relatively small 

sample size and to achieve a balance between the rigorous control of the 
potential confounding covariate and the ability to detect meaningful 
findings, the α level was set as the conventional significance threshold 
(p < 0.05) for all the statistical analyses involving brain variables (i.e., 
group comparisons for gray and white matter variables as well as 
correlational analyses between white matter tract microstructural 
integrity and subjective–objective memory evaluation discrepancy 
scores). All analyses were conducted using SPSS (Version 26.0, IBM 
Corp., Armonk, NY, USA). 

3. Results 

3.1. Demographic, clinical, and cognitive characteristics by group 

Table 1 presents a summary of the basic demographic and clinical 
characteristics of the participants. The three groups did not differ in 
their age, education, sex distribution, FSRP scores, and GDS scores (all p 
values > 0.05). The two MCI groups did not differ in the MCI subtype 
composition (p > .05). As expected, the two MCI groups exhibited higher 
CDR sum-of-boxes scores than the HC group did (F(2, 74) = 4.42, p =
.015, ηp

2 = 0.43); however, the two MCI groups had comparable CDR 
sum-of-boxes scores (p > .05). 

The MANCOVA results obtained after controlling for the education 
level were significant (Wilks’ Lambda = 0.34, F(24,120) = 3.57, p < .001, 
partial η2 = 0.42) among neuropsychological measures (Table 1). 
Follow-up univariate analyses revealed that the HC-NA group out-
performed the MCI-NA and MCI-PA groups on the WMS-3 LM immediate 
recall (p < .001, Cohen’s d = 1.10 vs. p < .001, Cohen’s d = 1.94) and 
delayed recall (p < .001, Cohen’s d = 1.20 vs. p < .001, Cohen’s d =
2.17), the CVLT-II total learning (p < .001, Cohen’s d = 1.59 vs. p <
.001, Cohen’s d = 2.35) and long delayed free recall (p < .001, Cohen’s 
d = 1.81 vs. p < .001, Cohen’s d = 2.58), WAIS-3 matrix reasoning 

Table 1 
Demographic, clinical, and cognitive characteristics of healthy controls (HCs) with normal awareness (NA) for memory deficit and individuals diagnosed with mild 
cognitive impairment (MCI) having NA or poor awareness (PA) for memory deficit.   

HC-NA 
n = 36 (mean S.D.) 

MCI-NA 
n = 24 (mean S.D) 

MCI-PA 
n = 22 (mean S.D) 

p value 

Demographics & Clinical variables 
Age 69.33 (4.09) 71.54 (8.85) 72.82 (7.83)  0.15 
Education 13.78 (2.90) 12.21 (3.49) 12.14 (3.55)  0.09 
Sex (women/ men) 21/15 14/10 11/11  0.80 
aMCI single/ aMCI multi/naMCI single – 14/9/1 7/14/1  0.19 
FSRP % stroke risk 9.94 (6.87) 11.42 (9.12) 13.73 (7.41)  0.20 
CDR-SB 0.48 (0.51) 1.07 (1.23) 1.19 (1.11)  .015a 

Geriatric Depression Scale 2.56 (2.18) 3.25 (2.59) 2.32 (2.55)  0.39 
Learning and memory 
LM immediate recall 38.67(10.38) 26.14(12.32) 19.78 (9.02)  <0.001 a 

LM delayed recall 24.06(8.76) 13.19(9.30) 8.28(5.38)  <0.001 a 

CVLT-II total learning 49.61(8.70) 34.24(10.52) 30.17(7.85)  <0.001 a 

CVLT-II long delayed free recall 11.42(2.44) 5.33(4.07) 3.39(3.66)  <0.001 a 

Executive function 
Matrix Reasoning 15.81(5.12) 12.29(4.44) 8.33(4.89)  <0.001 a, b 

Design Fluency (switching condition) 6.83(2.04) 5.90(2.30) 4.44(3.09)  0.013 
Digit Span backward length 5.22(1.05) 4.38(1.50) 4.22(0.88)  0.013 
Stroop interference − 3.41(7.88) − 6.07(9.05) − 4.87(8.20)  0.33 
Attention 
Digit Span forward length 7.72(1.14) 7.19(1.37) 7.11(1.45)  0.51 
Digit Symbol Substitution 65.28(11.17) 50.38(15.56) 48.94(19.63)  0.001 a 

Language 
Vocabulary test 47.56(9.60) 39.19(13.06) 36.12(10.29)  0.016 
Animal fluency 17.36(5.24) 15.62(3.69) 14.17(2.90)  0.094 
Macro-Brain Variables 
Total cerebral gray matter (cm3) 586.88 (43.04) 575.68(44.72) 560.06 (48.77)  0.10 
Total cerebral white matter (cm3) 414.37 (44.46) 409.42 (43.89) 410.82(46.63)  0.91 
Estimated Total Intracranial volume (cm3) 1485.01 (138.66) 1500.56(148.88) 1476.69 (175.64)  0.86 

Abbreviations: aMCI single/multi, amnestic mild cognitive impairment, single domain/multidomains; naMCI single, nonamnestic MCI, single domain; CDR-SB, 
Clinical Dementia Rating Scale sum-of-boxes scores; FSRP, Framingham Stroke Risk Profile; LM, logical memory subtest; CVLT-II, California Verbal Learning Test- 
II. Note: All scores are raw scores; p indicates the result for the three-group overall comparison when controlling for the education effect; a indicates a significant 
difference between the HC group and the two aMCI groups; and b indicates a significant difference between the two MCI groups. 
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subtest (p = .04, Cohen’s d = 0.73 vs. p < .001, Cohen’s d = 1.49), and 
WAIS-3 digit symbol substitution subtest (p = .002, Cohen’s d = 1.10 vs. 
p = .001, Cohen’s d = 1.02). The two MCI groups exhibited comparable 
performance on all cognitive measures (all p values > 0.05) except the 
matrix reasoning test (p = .013, Cohen’s d = 0.85). 

3.2. Regional differences in morphometry among groups 

The global measures of the total cerebral gray matter, cerebral white 
matter, and eTIV volumes did not differ significantly among the groups 
(all p values > 0.05, Table 1). Compared with the HC-NA group, the MCI- 
NA and MCI-PA groups demonstrated decreased right frontal cortical 
thickness (F(2,79) = 4.30, p = .017; p = .01, Cohen’s d = 0.71 vs. p = .03, 
Cohen’s d = 0.60), right hippocampal volume (F(2,79) = 5.46, p = .006; p 
= .02, Cohen’s d = 0.61 vs. p = .003, Cohen’s d = 0.85), and left hip-
pocampal volume (F(2,79) = 4.49, p = .014; p = .032, Cohen’s d = 0.62 
vs. p = .008, Cohen’s d = 0.71). However, the two MCI groups exhibited 
similar morphometry across variables (all p values > 0.05). Fig. 1 pre-
sents the residual (regressing out sex, eTIV, or both) standardized z- 
scores of the regional brain morphometric variables that reached sta-
tistical significance for the three groups. 

3.3. DSI differences among the groups 

The one-way ANCOVA with adjustment for sex revealed that the 
mGFA values of the left fornix (F(2,78) = 4.18, p = .019, partial η2 =

0.10), bilateral dorsal frontal–striatal tracts (left: F(2,78) = 3.55, p = .03, 
partial η2 = 0.08; right: F(2,78) = 3.48, p = .036, partial η2 = 0.08), left 
anterior thalamocortical radiations–ventral frontal part (F(2,78) = 3.47, 
p = .036, partial η2 = 0.08), and corpus callosum connecting the bilat-
eral ventral prefrontal (F(2,78) = 3.18, p = .047, partial η2 = 0.08) and 
inferior parietal lobule (F(2,78) = 6.51, p = .002, partial η2 = 0.14) re-
gions differed among the groups. 

Post hoc analyses revealed that the MCI-NA and MCI-PA groups 
exhibited lower mGFA values for the left fornix than the HC-NA group 
did (p = .009, Cohen’s d = 0.81 vs. p = .045, Cohen’s d = 0.53); how-
ever, the mGFA values did not differ between the two MCI groups. 
Compared with the HC-NA and MCI-NA groups, the MCI-PA group had a 
lower mGFA value of the left dorsal frontal–striatal tract (p = .019, 
Cohen’s d = 0.59 vs. p = .023, Cohen’s d = 0.57), right dorsal fron-
tal–striatal tract (p = .016, Cohen’s d = 0.64 vs. p = .032, Cohen’s d =
0.56), left anterior thalamocortical radiations–ventral part (p = .014, 

Cohen’s d = 0.67 vs. p = .040, Cohen’s d = 0.54), and corpus callos-
um–inferior parietal lobule (p = .001, Cohen’s d = 0.76 vs. p = .003, 
Cohen’s d = 0.83). The MCI-PA group had a lower mGFA value of the 
corpus callosum–ventral prefrontal regions than the HC-NA group did (p 
= .014, Cohen’s d = 0.67) (Fig. 2). 

3.4. Associations between discrepancy scores and diffusion imaging 
variables 

We computed Spearman’s correlations between subjective–objective 
memory evaluation discrepancy scores and white matter variables. For 
the entire cohort, the results revealed that overestimation of objective 
memory functioning (i.e., higher discrepancy scores) was significantly 
associated with decreased mGFA values for the bilateral fornix (left rs =

− 0.28, p = .006; right rs = − 0.23, p = .02), IC (left rs = − 0.24, p =
.017; right rs = − 0.23, p = .02), IFOF (left rs = − 0.33, p = .001; right rs 
= − 0.22, p = .021), ventral frontal–striatal tract (left rs = − 0.31, p =
.002; right rs = − 0.25, p = .011), anterior thalamocortical radia-
tions–ventral part (left rs = − 0.34, p = .001; right rs = − 0.27, p =
.006), and corpus callosum connecting the bilateral ventral prefrontal 
(rs = − 0.31, p = .002), dorsolateral prefrontal (rs = − 0.25, p = .011), 
and inferior parietal lobules (rs = − 0.32, p = .002). 

When restricting the analyses to patients with MCI, the results 

Fig. 1. Gray matter morphometry for the regions of interest (volumetric 
measure for the hippocampus and cortical thickness measures for other regions) 
in the three groups conducted using standardized z-scores after controlling for 
the effects of sex. Bilateral hippocampal volumes were additionally corrected 
for differences in head size by regressing out the estimated total cranial vault 
volume. Error bars denote standard error of the mean. HC-NA = healthy con-
trols with normal awareness on memory deficit, MCI-NA = patients with mild 
cognitive impairment having normal awareness on memory deficit, and MCI- 
PA = patients with mild cognitive impairment having poor awareness on 
memory deficit. * p < .05, ** p < .01, *** p < .005. 

Fig. 2. Reconstructed white matter tracts derived through diffusion spectrum 
imaging and bar chart of the white matter tracts displaying significant group 
differences after controlling for the effects of sex. Bars and error bars of the bar 
chart denote the mean and standard deviation, respectively, of the generalized 
fractional anisotropy (GFA) value for each white matter tract within each 
group. ATR–ventral = anterior thalamocortical radiations–ventral frontal part, 
DLPFC-striatum = dorsal lateral prefrontal–striatal tract, and CC-VLPFC and 
CC-IPL = corpus callosum connected to the bilateral ventral lateral prefrontal 
cortices and inferior parietal lobules, respectively. * p < .05. 
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indicated that overestimation of objective memory functioning was 
significantly associated with decreased mGFA values for the left IFOF (rs 
= − 0.41, p = .002), bilateral dorsal frontal–striatal tract (left rs = −

0.31, p = .021; right rs = − 0.31, p = .019), bilateral anterior thala-
mocortical radiations–ventral part (left rs = − 0.34, p = .01; right rs = −

0.34, p = .01), and corpus callosum connecting the bilateral ventral 
prefrontal (rs = − 0.31, p = .019) and inferior parietal lobules (rs = −

0.36, p = .006) (Fig. 3). 

4. Discussion 

The present study investigated the neuropsychological correlates and 
white matter network associated with poor memory awareness in MCI 
patients. To overcome the methodological drawbacks of previous rele-
vant studies, we divided the MCI patients into two subgroups, namely 
those with PA and NA for their low objective memory function, ac-
cording to a comprehensive neuropsychological test battery and 
ecologically relevant questions for assessing the discrepancy between 
objective and subjective memory evaluations. Moreover, we carefully 
defined the control group by including only cognitively unimpaired old 
adults with normal memory awareness (i.e., no overestimation of their 
objective memory function). By using this strategy, we found that 
although both MCI groups exhibited lower performance on episodic 
memory, reasoning, and visuomotor processing speed than the control 
group did, the performance of the two MCI groups was comparable 
across all cognitive tests, except the matrix reasoning test. Moreover, the 
MCI group with poor memory awareness exhibited decreased white 
matter integrity for the bilateral dorsal frontal–striatal tract, left anterior 
thalamocortical radiations–ventral part, and corpus callosum connect-
ing the bilateral inferior parietal lobule and ventral prefrontal regions. 
This result could not be explained by morphometric differences in gray 
matter. 

The first goal of the present study was to investigate the cognitive 
correlates of memory awareness deficits in patients with MCI. Although 
evidence concerning memory awareness deficits in patients with MCI is 
considerably inconsistent (Piras et al., 2016), several studies have re-
ported that the nature of memory awareness deficits in MCI is mnemonic 
anosognosia (Perrotin et al., 2007; Piras et al., 2016; Ryals et al., 2019), 
in which awareness deficits are the product of a faulty personal 
knowledge base that results from the inability to consolidate memory 
failures over time (Mograbi et al., 2009; Morris and Mograbi, 2013). In 

the present study, when examining the cognitive profiles of the two MCI 
groups, we found that although both MCI groups exhibited significantly 
higher cognitive difficulty than the HCs did, the MCI-PA group did not 
exhibit worse memory ability than the MCI-NA group. Although we 
could not rule out the contribution of memory deficits to decreased 
memory awareness, our results may support the hypothesis that memory 
deficits alone do not sufficiently account for anosognosia for memory 
deficits in MCI (Piras et al., 2016). 

In the present study, we strategically included tests on different 
components of executive function, including switching, inhibition, 
working memory, and reasoning; however, the key group difference in 
the neuropsychological function concerning memory awareness was 
only observed in the test on the reasoning skill (i.e., the matrix reasoning 
test). Within the broad domain of executive function, our results may be 
in line with those of studies that have observed a positive relationship 
between executive dysfunction and anosognosia among patients with 
MCI (Chao et al., 2021; Senturk et al., 2017) and AD (Kashiwa et al., 
2005; Shaked et al., 2014); however, the aforementioned finding has not 
been consistently replicated in different studies among MCI (Perrotin 
et al., 2007; Piras et al., 2016) or AD populations (Starkstein, 2014). 
Anosognosia has been reported to be correlated with tests that require 
verbal working memory in patients with MCI (Senturk et al., 2017) and 
switching ability (e.g., the trail-making test and design fluency task) 
(Lopez et al., 1994; Shaked et al., 2014) or inhibition ability (e.g., the 
Stroop test) (Kashiwa et al., 2005) in patients with AD. However, a close 
examination of previous studies reveals important nuances. First, the 
tests used to measure executive function in these studies were often 
limited to one or two components of executive function. Second, these 
studies were conducted on the basis of correlational analyses within one 
group. Furthermore, the patients’ psychiatric conditions were not well 
controlled for and may have confounded the result. A meta-analysis of 
functional MRI (fMRI) results indicated that matrix reasoning has a 
bilateral frontal and parietal involvement with a right hemisphere pre-
dominance (Hobeika et al., 2016), and the frontoparietal network has 
been indicated to be critical for multiple aspects of self-awareness 
(Mondragon et al., 2019; Shaked et al., 2014). The results of the ma-
trix reasoning test in the present study indicate that this test might serve 
as a diagnostic or complementary tool for evaluating anosognosia in 
MCI. Overall, although the design of the present study prevents us from 
specifying the individual role of memory versus executive functions to 
self-awareness of memory deficits, the study results suggest that 

Fig. 3. Associations between the integrity of the white matter tracts of interest as indicated by the mean GFA (mGFA, X-axis) and discrepancy scores between 
subjective and objective memory evaluations (Y-axis). The significant results were based on analyses restricting to the mild cognitive impairment cohorts. 
ATR–ventral = anterior thalamocortical radiations–ventral frontal part; CC-VLPFC and CC-IPL = corpus callosum connected to the bilateral ventral lateral prefrontal 
cortices and inferior parietal lobules, respectively; and IFOF = inferior fronto-occipital fasciculus. * p < .05; ** p < .01. 
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impaired self-awareness of memory deficits might occur when both 
memory and executive functions are impaired (Chao et al., 2021; Piras 
et al., 2016). 

The second goal of the present study was to investigate the white 
matter microstructural network associated with self-awareness of 
memory impairment deficits in MCI. Several relevant tracts were iden-
tified to be vulnerable for the MCI-PA group relative to the MCI-NA and 
HC groups. These tracts are mainly the medial frontal–subcortical 
network and callosal fibers connecting the ventral prefrontal and infe-
rior parietal regions. The findings of this research regarding the medial 
frontal and inferior parietal lobules are consistent with those of previous 
gray matter structural or functional imaging studies, which suggest that 
these regions are associated with memory anosognosia found in patients 
with MCI (Mondragon et al., 2019; Therriault et al., 2018; Vannini et al., 
2017; Zamboni et al., 2013). Studies have proposed the medial pre-
frontal cortex and inferior parietal lobule as the “core-self” regions of the 
default mode network (Davey et al., 2016; Kim, 2020). In this network, 
the inferior parietal lobule plays roles in retrieving and integrating 
complex semantic information (Davey et al., 2016; Jouen et al., 2015), 
and the medial prefrontal cortex is responsible for regulatory gateway 
function, which enhances cognitive “reflective” thinking about oneself 
in relation to others (e.g., the autobiographical self-appraisal or self- 
referential process) (Kim, 2020; Moran et al., 2006). Although the sta-
tistical threshold was not reached in group analysis, a significant asso-
ciation between the IFOF, which is a long-range fiber tract, and memory 
awareness function was indicated by the correlational analyses con-
ducted for the patients with MCI. The IFOF comprises a set of wide-
spread long-range association bundles that extend from the frontal 
regions (including the lateral prefrontal and orbitofrontal cortices) to 
the distributed posterior cerebral regions (including the parietal, tem-
poral–basal, and occipital regions). Studies have proposed that the IFOF 
is a “multifunction white matter bundle” (Luo et al., 2019; Sarubbo 
et al., 2013; Wu et al., 2016) that may serve multiple cognitive func-
tions, including executive function, learning and memory, language 
ability, and visuospatial ability. Some studies have revealed an associ-
ation between lesions on the IFOF and spatial awareness in stroke pa-
tients (Jang and Jang, 2018; Vaessen et al., 2016). Our study extends the 
findings on spatial awareness associated with IFOF disruptions to 
cognitive awareness and provides supporting evidence for the notion of 
the IFOF as a multifunction white matter bundle. 

In the present study, the MCI-PA group exhibited significantly lower 
microstructural integrity of the anterior thalamic radiation than the 
MCI-NA group did. The left anterior thalamic radiation is a white matter 
bundle that connects the anterior and dorsomedial thalamic nuclei to 
the prefrontal cortex, mainly the orbitofrontal and dorsolateral pre-
frontal cortex, and it is involved in executive function and planning 
complex behaviors (Niida et al., 2018). Thalamus activation has been 
linked to dispositional mindfulness (Gartenschlager et al., 2017; Wang 
et al., 2014), and lesions on the anterior thalamic radiation have been 
identified to be associated with apathetic manifestations in MCI (Torso 
et al., 2015). Although our findings require further validation because 
we are the first to link the anterior thalamic radiation tract to memory 
awareness deficits in MCI, they may provide novel insights into the 
pathological mechanism of anosognosia in populations with MCI and 
AD. 

This study also presents the first evidence that the corpus callosum 
connecting the ventral prefrontal and inferior parietal regions is linked 
to memory awareness deficits in patients with MCI. The specific role of 
the corpus callosum in self-awareness remains unclear. Although evi-
dence obtained from clinical cases of alien hand syndrome has indicated 
that the posterior corpus callosum that interconnects the parietal areas 
plays a role in maintaining an integrated sense of self with regard to self- 
body representation and awareness (Uddin, 2011; van der Knaap and 
van der Ham, 2011), limited attention has been directed at investigating 
the psychological aspects of the self in individuals with lesions affecting 
the corpus callosum. Notably, a few studies that used DTI have reported 

an association between the posterior corpus callosum and poor insights 
for psychiatric symptoms in patients with schizophrenia (Gerretsen 
et al., 2019; Kubota et al., 2012). In the present study, we extended 
previous evidence on the role of the posterior corpus callous in self- 
awareness for body and psychiatric symptoms to cognitive domains. In 
addition to the posterior corpus callosum, we identified the involvement 
of the frontal callosal fibers in memory awareness. This finding is in line 
with the neuropsychological data of this study and our findings con-
cerning the frontal–subcortical tract network, which indicate that both 
the medial and ventral lateral frontal lobe may serve as a hub for 
converging information relevant to self-awareness in memory. The 
corpus callosum is an important mediator of interhemispheric transfer; 
however, the nature of this mediation is unclear (van der Knaap and van 
der Ham, 2011). Two contrasting models have been suggested. Ac-
cording to the excitatory model, the callosal fibers integrate information 
from both cerebral hemispheres to facilitate interhemispheric connec-
tivity (Bartha-Doering et al., 2021; Gazzaniga, 2000). By contrast, the 
inhibitory model postulates that callosal fibers inhibit homologous 
areas, which allows for independent functioning of the hemispheres 
(Cook, 1984). We found that decreased memory awareness was associ-
ated with decreased corpus callosum integrity, and we did not observe 
gray matter differences in frontal regions between the two MCI groups. 
Thus, the research results may support the excitatory model, in which 
the interhemispheric connectivity of the callosal fibers improved 
memory awareness. However, such a speculation warrants further 
validation through functional imaging studies conducted in combina-
tion with diffusion imaging data. 

In the analyses, we included several tracts of the hippocampal and 
anterior temporal regions, which have been reported to be important for 
processing episodic memory and autobiographic information (Andrews- 
Hanna et al., 2010), including the fornix, IC, and uncus fasciculus. 
Similar to the results of previous studies that performed functional im-
aging of the hippocampus in MCI (Mondragon et al., 2019; Therriault 
et al., 2018; Vannini et al., 2017), we observed a significant correlation 
between hippocampal tracts (i.e., the fornix and IC) and the discrepancy 
scores of subjective–objective memory evaluations for the analysis of the 
entire cohort. However, the aforementioned association disappeared 
when the analysis was restricted to the patients with MCI, which in-
dicates that this association is likely driven by a disease effect rather 
than a true brain–behavior relationship in memory awareness. A similar 
finding was obtained from our group comparison results, in which the 
two MCI groups exhibited significantly lower mGFA values for the left 
fornix tract than the control group did. However, the mGFA values of the 
MCI-PA group did not differ from those of the MCI-NA group for any 
tract of interest in the temporal regions. These results, reflecting a dis-
ease effect, was expected and is consistent with those in the literature 
(Lam et al., 2017; Wang et al., 2020). The results also mirrored the 
neuropsychological results, in which we did not observe significant 
differences between the two MCI groups across episodic memory 
measures. 

Our null finding concerning temporal lobe regions in the diffusion 
imaging data for the MCI-PA group is inconsistent with the findings of 
studies concerning memory awareness deficits based on resting state 
fMRI or metabolic imaging in patients with MCI or AD (Nobili et al., 
2010; Therriault et al., 2018; Vannini et al., 2017; Zamboni et al., 2013). 
This discrepancy is possibly related to differences in the composition of 
patients with MCI between the present study and other studies. Studies 
(Dong et al., 2020; Mito et al., 2018) have suggested that the subtle 
degeneration of hippocampal-related white matter tracts, such as the 
posterior cingulum or uncus fasciculus, are closely associated with eti-
ologies such as vascular burden or inflammation rather than a neuro-
degenerative process (i.e., beta amyloid accumulation), especially in the 
early stage of prodromal AD. The MCI group in the present study had 
milder cognitive impairments than MCI groups in previous similar 
studies because our operational definition of objective cognitive 
impairment in MCI was − 1 standard deviation rather than − 1.5 
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standard deviations from the healthy average. Furthermore, by adopting 
a relatively comprehensive data collection strategy (e.g., a detailed 
survey on the participants’ medical histories and matching of de-
mographic and clinical variables among the groups), we reduced the 
possibility of recruiting participants with confounding variables, 
including vascular burden and traumatic brain injury history, which 
resulted in greater homogeneity within our MCI group than within MCI 
groups of other similar studies. Overall, the aforementioned methodo-
logical differences may account for the discrepancy in findings regarding 
hippocampal-related white matter tracts between this study and other 
studies. However, it is noted that similar to the findings of the neuro-
psychological tests in this study, we were unable to rule out the possi-
bility that the involvement of hippocampal tracts by themselves may be 
a threshold, although insufficient, for memory awareness deficits. 
Impaired self-awareness of memory deficits might occur when the hip-
pocampal related tracts and additional white matter tracts of frontal- 
subcortical and callosal fibers were all compromised. 

The research findings for select tracts of interest appear to support 
bilateral white matter network involvement, which is in line with those 
of similar studies that used functional imaging (Nobili et al., 2010; 
Salmon et al., 2006; Zamboni et al., 2013). The observed white matter 
network disruptions involved in memory awareness in the present study 
also support the disconnection view of the nature of the anosognosia 
observed in other self-knowledge domains, such as spatial neglect 
(Thiebaut de Schotten et al., 2014) or body awareness (Monai et al., 
2020). The disruption of the selected tracts of interest in this study might 
be associated with deficits in memory awareness caused by a reduction 
in functional activity in the frontal–parietal cortical–subcortical 
network connected by these white matter tracts. However, the under-
lying mechanism (e.g., hemodynamic or metabolic) of these discon-
nections requires further investigation. Evidence suggests that 
anosognosia serves as an independent predictor of conversion from MCI 
into AD (Gerretsen et al., 2017; Spalletta et al., 2014), and our findings 
suggest that disruption of white matter connectivity among different 
brain regions contribute to the memory awareness deficits observed in 
patients with MCI. The aforementioned information appears to be 
consistent with the cascading network failure model (Jones et al., 2016), 
which postulates that the development of AD may be due to connectivity 
changes over the course of disease progression. To confirm this hy-
pothesis, the two MCI groups would have to be followed up longitudi-
nally, and the differences in their trajectories of dementia development 
would have to be examined. 

Despite its several innovations, the current study has certain limi-
tations. First, we investigated white matter network involvement by 
dividing patients with MCI into two subgroups—one with NA and one 
with PA. Conceptualizing anosognosia categorically rather than 
continuously may result in decreasing ecological validity because un-
awareness may manifest in a continuous fashion ranging from marginal 
minimization to complete denial of problems clinically (Clare et al., 
2005). To overcome this limitation, we conducted a correlational 
analysis based on the continuous variable of discrepancy scores. The 
correlational results based on the MCI cohorts are in agreement with the 
group difference analysis results and therefore support the validity of 
categorizing MCI patients. Second, the MCI sample comprised a mixture 
of amnestic and nonamnestic individuals, with the amnestic individuals 
being predominant. Such a sample composition may result in con-
founders related to the heterogeneity of the sample. However, the an-
alyses conducted with and without the two patients with nonamnestic 
MCI did not change the results. Therefore, we believe that the results are 
robust and are not affected by the heterogeneity of the sample. 

5. Conclusions 

The present study is the first to investigate the associations between 
diffusion imaging variables and memory awareness in patients with 
MCI. Our findings suggest that episodic memory deficit is unable to 

account for deficits in memory awareness in patients with MCI, and 
additional impairment of executive function may account for the deficit. 
Moreover, memory awareness deficits are likely to result from discon-
nection syndrome, in which the memory awareness function is sub-
served by a white matter network that comprises frontal–subcortical, 
parietal, and bilateral hemispheric interconnections in patients with 
MCI. Our findings promote the understanding of the brain and the 
behavioral basis of memory awareness deficits in individuals who are at 
risk of developing dementia. The research findings contribute to the 
development of models for the neural and cognitive correlates under-
lying memory awareness in human brain. It also provides a foundation 
upon which appropriate interventions can be developed to preserve or 
improve specific aspects of self-awareness. 
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