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Abstract

The main objective of this study is to detect the early changes in resting-state Papez circuit 

functional connectivity using the hippocampus as the seed, and to determine the associations 

between altered functional connectivity (FC) and the episodic memory performance in cognitively 

intact middle-aged APOE4 carriers who are at risk of Alzheimer's disease (AD). Forty-six 

cognitively intact, middle-aged participants, including 20 APOE4 carriers and 26 age-, sex-, and 

education-matched noncarriers were studied. The resting-state FC of the hippocampus (HFC) was 

compared between APOE4 carriers and noncarriers. APOE4 carriers showed significantly 

decreased FC in brain areas that involve learning and memory functions, including the frontal, 

cingulate, thalamus and basal ganglia regions. Multiple linear regression analysis showed 

significant correlations between HFC and the episodic memory performance. Conjunction analysis 

between neural correlates of memory and altered HFC showed the overlapping regions, especially 

the subcortical regions such as thalamus, caudate nucleus, and cingulate cortices involved in the 

Papez circuit. Thus, changes in connectivity in the Papez circuit may be used as an early risk 

detection for AD.
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1. Introduction

Pathological features of Alzheimer’s disease (AD), such as neuronal dysfunction and 

degeneration, invade the Papez circuitry of the medial temporal lobe (Allen et al., 2007; 

Greicius et al., 2004; Hornberger et al., 2012; Li et al., 2002; Madsen et al., 2010; Smith, 

2002; Wang et al., 2006). The Papez circuit, which includes the hippocampus, entorhinal 

cortex, mammillary body, anterior thalamic nuclei, cingulate cortices and parahippocampal 

gyrus, is a core pathway of the limbic system involved in the formation and consolidation of 

the episodic memory (Callen et al., 2001; Jicha and Carr, 2010; Papez, 1937). In the early 

course of AD, lesions of brain regions associated with the Papez circuit, where disruptions 

to information processing occur, have been reported (Jones et al., 2006; Pievani et al., 2011; 

Zarei et al., 2010). Such damages presumably contribute to behavior impairments including 

deficits in episodic memory and delayed memory (Aggleton and Brown, 1999; Haase et al., 

2011; Jacobs et al., 1995; Machulda et al., 2009; Welsh et al., 1991). Specifically, recent 

studies have investigated structural degeneration patterns in subregions of the Papez circuit 

in AD patients (Hornberger et al., 2012; Jicha and Carr, 2010) and white matter diffusivity 

changes within the subcortical structures, such as the thalamus and caudate nucleus, during 

the presymptomatic and symptomatic stages of familial AD (Ryan et al., 2013). However, 

few studies have reported whether the observed changes in the Papez circuit are the 

representation of the endophynotype of the epsilon 4 (ε4) allele of the human apolipoprotein 

E (APOE4) gene.

The APOE4 is a major susceptibility gene for late-onset AD (Corder et al., 1993; Verghese 

et al., 2011) that also lowers the age of AD onset in its carriers (Meyer et al., 1998). Several 

studies have found that APOE4 is linked to gray matter loss, decreased cerebral metabolism 

and alterations in neuropsychiatric task-induced BOLD activation in the hippocampus and 

brain regions associated with the Papez memory circuit of asymptomatic middle-aged and 

elderly carriers (Adamson et al., 2011; Bookheimer et al., 2000; Crivello et al., 2010; Lind et 

al., 2006; Small et al., 2000). Using resting-state functional connectivity MRI (R-fMRI) 

methods and imaging genetic approaches, several studies demonstrated the intrinsic effects 

of the ε4 allele on the functional architecture of the brain in the default mode network 

(DMN) (Filippini et al., 2009; Fleisher et al., 2009; Sheline et al., 2010a; Westlye et al., 

2011). Despite aforementioned advancements, these studies focus on the DMN. The manner 

in which an APOE4 status influences resting-state functional connectivity patterns in the 

Papez circuit in middle-aged, cognitively intact people is not well known. Such a study 

would provide insight in terms of understanding the early changes in the memory network. It 

also would have an impact on the early detection, diagnosis and increased effectiveness of 

treatment through preclinical intervention (Scarmeas and Stern, 2006).

Li et al. Page 2

Cortex. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In the present study, our goal was to reveal the APOE4 effects on functional connectivity in 

the Papez circuit in cognitively intact, middle-aged APOE4 carriers and noncarriers using 

the hippocampus-seeded R-fMRI method (Goveas et al., 2011). We demonstrated that the 

functional connectivity in the Papez circuit is disrupted prior to measurable cognitive 

impairment in APOE4 carriers. We also indicated that the functional connectivity in the 

Papez circuit brain is significantly correlated with episodic memory performance.

2. Materials and Methods

2.1 Participants

Forty-eight cognitively healthy, middle-aged participants between the ages of 44 and 65, 

who were caregivers or informants, accompanied patients with a diagnosis of Alzheimer’s 

disease, were recruited through Memory Disorders Clinic of the Dementia Research Center 

at Medical College of Wisconsin. All participants underwent baseline neuropsychological 

and neurological evaluations. Laboratory tests included APOE genotyping. None of the 

participants had any memory complaints. Exclusion criteria included history of neurological 

disease; seizures or head injury with loss of consciousness within the past five years; stroke 

or transient ischemic attack within the past two years; drug or alcohol abuse within the past 

five years; major psychiatric diagnoses, including schizophrenia, mood disorders, and other 

neuropsychiatric disorders. Two noncarriers were excluded from the study because of 

incomplete scans and excessive motion during fMRI scans. The remaining 46 participants 

(15 males) were separated into two subject groups (Table 1) of either carriers or noncarriers 

of the APOE4 gene, and were enrolled for data analysis.

2.2 APOE testing

All participants provided a DNA sample for APOE genotype analysis. The samples were 

collected by buccal swab, coded and analyzed for the presence of the APOE2, APOE3 and 

APOE4 alleles. The material obtained was pooled. DNA was extracted in the Medical 

College of Wisconsin (MCW) Translational Research Units (TRUs) of the Clinical and 

Translational Science Institute (CTSI), using the Gentra Systems Autopure LS DNA 

processing system. Extracted DNA was shipped to the General Clinical Research Center 

(GCRC) Core Laboratory at Oregon Health and Science University for amplification. The 

APOE genotype was characterized with an analysis, which incorporated restriction-

fragment-length polymorphism (Mayeux et al., 1998). The APOE genotype was 

characterized with an analysis, which incorporated restriction-fragment-length 

polymorphism (Mayeux et al., 1998). Sixteen of the 20 APOE4 carriers were ε3/ε4 

heterozygotes and four were ε4/ε4 homozygotes. Twentytwo of the 24 APOE4 noncarriers 

are ε3/ε3 homozygotes and two are ε2/ε3 heterozygotes. The proportion of ε4 carriers in our 

study is higher than the general population, but is in line with the similar studies published 

recently (Caselli et al., 2011; Reiter et al., 2012).

2.3 Neuropsychological testing

Each participant completed a battery of neuropsychological tests at the MCW Memory 

Disorders Clinic. These included the Rey Auditory Verbal Learning Test for Delayed Recall 

(RAVLT-DR), the Boston Naming Test, the Trail Making Test (Trails-A and Trails-B), 

Li et al. Page 3

Cortex. Author manuscript; available in PMC 2015 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Digit Span, Hachinski Cerebral Ischemic Scale and the Beck Depression Inventory. 

Complete neuropsychological testing and physical examinations were performed. Two 

behavioral neurologists reviewed the medical, neurological, functional and 

neuropsychological data and consensus diagnoses were reached. All behavior data were 

analyzed with SPSS 16.0 software (http://www.spss.com, Chicago, IL.). Demographic and 

clinical characteristics were documented by using counts for categorical variables, means ± 

SD for continuous variables. Comparative analyses with independent sample t-tests were 

performed in different groups. χ2 test was used to test the gender differences between 

groups.

2.4 MRI data acquisition

MRI scans were performed on a GE 3T Signa LX scanner (Waukesha, WI.) with a standard 

transmit and receive head coil. A high-order shimming protocol was used on each study 

subject to improve the field homogeneity and reduce image distortion. No specific cognitive 

tasks were performed and the study participants were instructed to close their eyes, relax and 

stay awake during the scans. R-fMRI of the whole brain was acquired in sagittal view with a 

single-shot gradient recalled echo-echo planer imaging pulse sequence. The parameters for 

R-fMRI were: TR = 2000 ms, TE = 25 ms, field of view = 24 × 24 cm2, matrix size = 64 × 

64, voxel size = 3.75 × 3.75 ×4 mm3 and number of slices = 36. High-resolution anatomical 

images were acquired using 3D spoiled gradient-echo sequence for drawing the ROI and 

VBM analysis. The parameters were: TR = 10 ms, TE = 4 ms, TI = 450 ms, flip angle = 12°, 

Matrix size = 256 × 192, voxel size = 0.938 × 0.938 × 1 mm3, and continuous 144 axial 

slices with 1-mm thickness.

2.5 Structural MRI data analysis

To examine whether the gray matter volume (GMV) is different between APOE4 carriers 

and noncarriers, optimized voxel-based morphometry was performed, using the VBM8 

toolbox in SPM (http://www.fil.ion.ucl.ac.uk/spm). First, T1-weighted images from all 

participants were normalized into standard space based on a group-specific gray matter 

template, and then segmented into white matter (WM), cerebral spinal fluid (CSF), and 

GMV (modulated images) (Mechelli et al., 2005). Next, the volume images were smoothed 

with an 8-mm Gaussian kernel followed by logit-transformation to make the data more 

normally distributed. The between-group t-test was then used to compare the GMV 

differences between APOE4 carrier and noncarrier groups. Although familywise error 

(FWE) is a common technique used to correct for multiple comparisons, method in the 

current study to correct for the multiple comparisons (voxelwise p < 0.05, cluster size > 

17139 mm3 for α < 0.05).

2.6 R-fMRI data analysis

Preprocessing of the R-fMRI data analysis was carried out, using AFNI software (http://

afni.nimh.nih.gov/afni) and in-house written MATLAB programs (The MathWorks, Inc., 

Natick, Mass.) (Chen et al., 2011). First, the outliers and the signal trend were removed 

(3dDespike). Motion correction was then performed by volume registration on the resting-

state fMRI data (3dvolreg). A subject demonstrating excessive movement — either more 
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than 1-mm translational movement or more than 1° rotational movement, or both — was 

excluded from further analysis. Out of the 180 points for each voxel time series, the first five 

points were discarded to preserve steady-state data. Detrending was carried out to remove 

Legendre polynomials (3dDetrend). Further, any possible contamination from the signals 

from WM, CSF, the six-motion parameters, and the global average signal were regressed out 

from each voxel time course (3dDeconvolve). The WM and CSF masks were generated 

during the anatomical image segmentation procedure by including the voxels classified as 

99% WM or CSF to the reference tissue probability images (SPM software). Finally, a band-

pass filter was applied to keep only low-frequency fluctuations within the range of 0.015 Hz 

and 0.1 Hz (Fox and Raichle, 2007).

To obtain the individual HFC maps, a seed-based R-fMRI method was adopted. The 

bilateral hippocampus was used as the seed ROI (Li et al., 2002; Xu et al., 2008). AFNI 

software was used to manually trace the bilateral hippocampus regions of interest (ROI) on 

the sagittal slices with reference to the coronal and axial slices of the highresolution T1-

weighted SPGR images of individual subjects, as described previously (Rombouts et al., 

2003), after being blinded to the participants’ demographics and clinical characteristics. The 

manually traced hippocampus ROIs only included the graymatter portions of the 

hippocampus head, body and tail. The hippocampus white matter regions (alveus and 

fimbria), the atrium and temporal horn of the lateral ventricles were used as the anatomical 

landmarks for the ROI identification (Konrad et al., 2009). The high-resolution 

hippocampus tracing was then down-sampled to the same resolution as the R-fMRI data 

(Figure 1). Because the spatial resolutions in SPGR and EPI images were different, each EPI 

image voxel that had at least 70% space containing traced hippocampus voxels in the high-

resolution images was included in the hippocampal ROI analysis.

The preprocessed average-voxel time course of the hippocampus ROI was then cross-

correlated with the entire brain, using the Pearson Correlation Method. The Pearson 

correlation coefficients (cc) were subjected to a Fisher’s z-Transform, m = 0.5 ln(1 + cc)/(1 - 

cc), which yielded variants of approximately normal distribution. Finally, the voxelwise m-

values were spatially normalized to a standard Talairach space coordinates and smoothed 

with a 6-mm Gaussian kernel for statistical analysis.

Each subject’s HFC map was grouped according the subject’s genotype, whether he or she 

was an APOE4 carrier or noncarrier. A one-sample t-test was applied to obtain the HFC 

network pattern by testing the voxelwise HFC against the null hypothesis of no connectivity. 

Next, a two-sample t-test was used to examine the group differences in the voxelwise whole-

brain HFC between the carrier group and the noncarrier group. Monte Carlo Simulation 

(3dClustSim) was adopted to correct falsepositive findings because of multiple comparisons 

for within-group comparisons (voxelwise p < 0.01, cluster size > 1,048 mm3 for α < 0.05) 

and between-group comparisons (voxelwise p < 0.05, cluster size > 4,048 mm3 for α < 

0.05). Finally, a multiple linear regression model (3dRegAna) was adopted to investigate the 

neural correlates of underlying memory functions on the HFC network. Specifically, 

cognitive measures relating to memory (RAVLT-DR) were regressed with the voxelwise 

wholebrain HFC of all participants while controlling any confounding effects from age, 

gender, group and GMV. The voxelwise multiple linear regression maps were generated 
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after correcting for multiple comparisons for voxelwise p < 0.05, and cluster size > 4,048 

mm3 for α < 0.05. Conjunction analysis was used to show the overlapping brain regions 

between the neural correlates of the memory function and the changes in HFC. Numerical 

presentation was obtained by averaging the functional connectivity over the overlapping 

regions.

3. Results

3.1 Demographics and neuropsychological characteristics

Forty-six cognitively intact, middle-aged participants were included in the analysis. There 

were no significant (p > 0.05) differences in age, gender, education and cognitive 

evaluations between the two subject groups, including 20 APOE4 carriers and 26 noncarriers 

(Table 1). A trend of lower RAVLT-DR (p = 0.1) and Digit Span (p = 0.07) scores was 

found in the APOE4 carrier group.

3.2 Structural MRI and hippocampus ROI data

No significant differences in voxelwise whole-brain gray matter volume were found 

between the APOE4 carriers and noncarriers. The mean and standard deviation of volumes 

of the traced hippocampus ROIs for APOE4 carriers and noncarriers were 5.25 ± 1.30 mL 

and 4.92 ± 1.02 mL, respectively. No significant difference was found between the two 

groups (p = 0.34).

3.3 R-fMRI data

A one-sample t-test was used to obtain the HFC network patterns for APOE4 noncarriers 

(Figure 2, left) and carriers (Figure 2, right), respectively, for each group against zero 

(voxelwise p < 0.01, corrected cluster size > 1,048 mm3 for α < 0.05). In the APOE4 

noncarrier group, the hippocampus was positively correlated with brain regions including 

the bilateral middle temporal gyrus (MTG), parahippocampal gyrus (PHG), fusiform, 

amygdala, thalamus, caudate, paracentral lobule (PCL), medial frontal gyrus (MeFG), 

anterior cingulate cortex (ACC) and posterior cingulate cortex (PCC). The hippocampus was 

negatively correlated with the bilateral inferior parietal cortex (IPC) and dorsolateral 

prefrontal cortex (DLPFC). In the APOE4 carrier group, the hippocampus was positively 

correlated only with the bilateral PCL, MTG and MeFG, ACC and PCC. The hippocampus 

was negatively correlated with the bilateral DLPFC and IPC.

A two-sample t-test was used to examine the group differences in the HFC between APOE4 

carriers and noncarriers (Figure 3). When compared to noncarriers, APOE4 carriers showed 

significantly decreased HFC (voxelwise p < 0.05, corrected cluster size > 4048 mm3 for α < 

0.05) in the bilateral caudate, thalamus, PCC, superior frontal gyrus (SFG), left lentiform 

nucleus, MeFG, inferior frontal gyrus (IFG), insula, right anterior cingulate cortex (ACC) 

and culmen of cerebellum (Table 2). No significantly increased HFC in carriers was found.

Multiple linear regression identified the neural correlates of underlying memory (RAVLT-

DR) function on the HFC network while regressing out group, age, gender, education and 

GMV as covariates (voxelwise p < 0.05, corrected cluster size > 4,048 mm3 for α < 0.05). 
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RAVLT-DR scores were positively correlated with HFC in the bilateral caudate, thalamus, 

lentiform nucleus, MeFG, ACC, culmen, right DLPFC and MTG. They were negatively 

correlated in the left MTG and SFG (Figure 4). Finally, conjunction analysis revealed 

overlapping brain regions between the neural correlates of memory performance and the 

decreased HFC. These brain regions include the bilateral DLPFC, caudate, thalamus and 

right ACC (Figure 5).

4. Discussion

The current study shows several new experimental findings that distinguish APOE4 carriers 

from noncarriers, despite the fact that all participants were cognitively intact. First, we 

demonstrated that the HFC is significantly decreased in the subcortical regions such as the 

caudate, basal ganglia, and thalamus, as well as in cortical regions including MeFG, 

DLPFC, insula, ACC, and PCC in the APOE4 carriers compared to the noncarriers (Figure 3 

and Table 2). Second, multiple linear regression demonstrated significant correlations 

between HFC and episodic memory performance in the frontal, parietal, anterior cingulate, 

thalamus, and caudate regions for both APOE4 carriers and noncarriers (Figure 4). Third, 

conjunction analysis revealed that the decreased HFC in the thalamus and caudate regions 

were positively correlated with the episodic memory functions. Therefore, the 

endophenotypes in the Papez circuit had clinical significance (Figure 5). Finally, compared 

with the abovementioned functional changes, no apparent gray matter volume loss was 

observed. This finding is consistent with previous observations that early hippocampal 

functional alterations can occur independently of gray matter volume changes (Dennis et al., 

2010; Machulda et al., 2011; Westlye et al., 2011).

In contrast to previous reports on the intrinsic effects of the APOE4 gene on the DMN 

(Filippini et al., 2009; Fleisher et al., 2009; Goveas et al., 2013; Sheline et al., 2010b; 

Westlye et al., 2011), not only did we find that the HFC in the cortical areas has similar 

characteristics to that of the DMN in the cortical regions, seen in our previous study 

(Goveas, et al., 2013), we also discovered APOE4 gene effects on the HFC in the Papez 

circuit. To ensure that the changes in the functional connectivity involving the Papez circuit 

is specific to APOE4 carriers compared to noncarriers, we compared the functional 

connectivity of two control networks (motor and visual) that were expected to show minimal 

differences between the two participant groups. We found no significant difference in 

cerebral cortex and subcortical regions of the motor network or the visual network between 

the two groups (Figure S1). The primary motor cortices (Left: −40, −23, 53; Right: 41, −22, 

48 in Talairach coordinates) (Fox et al., 2009) and primary visual cortices (Left: −6, −79, 

−3; Right: 8, −79, −3 in Talairach coordinates) (Fox et al., 2009) were used as the seed ROIs 

to obtain the motor and visual network, respectively.

The involvement of Papez circuit in the progression of AD has been extensive in studies. 

Structurally and functionally, the thalamus and hippocampus are part of the Papez circuit 

(Papez, 1937). The hippocampus is tightly coupled to subcortical regions such as the 

caudate, basal ganglia, thalamus (Atallah et al., 2004; Villain et al., 2008; Zarei et al., 2010), 

in addition to the cortical brain regions in the DMN, such as the posterior cingulate, inferior 

parietal and frontal cortices (Vincent et al., 2008; Vincent et al., 2006). The localized 
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atrophy has been found in the caudate and the Papez circuit in AD and MCI patients 

(Madsen et al., 2010; Smith, 2002; Zarei et al., 2010). In MCI patients, the functional 

activations of the subcortical regions, including the basal ganglia and the thalamus, also 

have been shown to diminish during encoding and recognition tasks (Machulda et al., 2009). 

Our results are in agreement with these findings. In addition, we found that the functional 

connectivity of the neural correlates of the memory function in the Papez circuit was 

significantly reduced in APOE4 carriers. Considering that the APOE4 carriers are middle-

aged and cognitively intact, without apparent cognitive impairment or gray matter volume 

loss, it is suggested that the disruption of functional connections within the Papez circuit 

regions could be an endophenotype representing the AD risk. We further hypothesized that 

functional connectivity changes in the Papez circuit may contribute to the risk for late onset 

of AD. As a result, our method for detecting the insidious changes in functional connectivity 

in Papez circuit could assist in the early detection of MCI and AD risk.

Finally, the possible interactive relationships between the APOE4 gene and functional 

connectivity changes in the Papez circuit are of interest. One possible mechanism is related 

to the cerebral amyloid angiopathy (CAA) that is frequently seen in AD cases and represents 

one of its histopathological hallmarks. In particular, the capillary CAA is strongly associated 

with the APOE4 gene as a risk factor (Attems et al., 2010; Nicoll and McCarron, 2001; Thal 

et al., 2009). Moreover, the CAA is associated with micro lacuna infarcts of the deep nuclei, 

such as the caudate and thalamus in patients with autopsy-proven AD (Snowdon et al., 

1997). In a mouse model of AD, there is also evidence of CAA and CAA-related capillary 

occlusion in the thalamic vessels in the branches of the thalamo-perforating arteries (Thal et 

al., 2009). These results suggest a role of APOE4 in the microvascular changes commonly 

found in AD and are consistent with a potential amyloidogenic role for APOE4 (Yip et al., 

2005). Although we remain cautious in advancing our interpretation of the presently 

observed functional connectivity changes in the Papez circuit, we speculate that the 

amyloidogenic role for APOE4 could affect the functional connectivity. Recent studies 

support this speculation that the amyloid plaques disrupt resting-state connectivity in the 

default mode network and other cortical hubs in cognitively normal elderly (Drzezga et al., 

2011; Hedden et al., 2009; Sheline et al., 2010b). However, another study showed that 

APOE4 allele also disrupts resting-state fMRI connectivity in the absence of amyloid 

plaques (Dennis et al., 2010; Sheline et al., 2010a). Such effects of APOE4 allele on 

functional connectivity suggest that these changes may antedate the pathological effects of 

amyloid plaques. Further study is needed to elucidate the mechanisms.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A representative view of the hippocampus as the seed region from a subject. The seed was 

manually traced (red voxels) in the T1-weighted high-resolution anatomical image.
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Figure 2. 
Patterns of the hippocampus functional connectivity (HFC) for APOE4 noncarriers (left) and 

carriers (right). Warm colors and cool colors indicate positive and negative functional 

connectivity, respectively. DLPFC: dorsal lateral prefrontal cortex, IPC: inferior parietal 

cortex, MTG: middle temporal gyrus, ACC: anterior cingulate cortex, PCC: posterior 

cingulate cortex, MeFG: medial frontal gyrus, PCL: paracentral lobule.
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Figure 3. 
Patterns of decreased HFC in APOE4 carriers compared with noncarriers. Cool colors 

indicate decreased HFC in APOE4 carriers. DLPFC: dorsal lateral prefrontal cortex; MeFG: 

medial frontal gyrus; SFG: superior frontal gyrus, IFG: inferior frontal gyrus, ACC: anterior 

cingulate gyrus, PCC: posterior cingulate gyrus.
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Figure 4. 
The neural correlates of RAVLT delayed recall scores. Brain regions with positive 

correlation are indicated by red arrows. Those with negative correlation are indicated by 

blue arrows. DLPFC: dorsal lateral prefrontal cortex, MeFG: medial frontal gyrus, ACC: 

anterior cingulate gyrus, SFG: superior frontal gyrus, MTG: middle temporal gyrus.
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Figure 5. 
(A) Conjunction between the brain regions with HFC changes and the neural correlates of 

episodic memory function. (B) Numerical presentation of the overlapping brain regions 

(colored red) between the neural correlates of memory function and the decreased HFC. The 

m-value in the y-axis indicates the Fisher-transformed HFC and error bars indicate the 

standard deviations. (C) Representative correlations between HFC and the RAVLT-DR 

scores from the overlapping brain regions. APOE4-: APOE4 noncarriers, APOE4+: APOE4 

carriers, DLPFC: dorsal lateral prefrontal cortex, ACC: anterior cingulate gyrus. RAVLT-

DR: Rey auditory verbal learning test for delayed recall.
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Table 1

Demographic Characteristics

APOE4 carriers
n = 20

APOE4 noncarriers
n = 26 p-value

Mean ± SD Mean ± SD

Gender, female/male 14/6 17/9 NS

Age, year 52.4 ± 5.6 54.5 ± 5.8 0.21

Education, year 15.0 ± 2.4 15.6 ± 2.5 0.86

RAVLT total learn 49.5 ± 6.2 59.7 ± 7.6 0.15

RAVLT-DR 12.1 ± 2.2 13.1 ± 1.9 0.10

Digital Span 16.6 ± 3.6 18.5 ± 3.4 0.07

Trail-making test

  A 24.2 ± 8.3 23.5 ± 8.7 0.81

  B 56.0 ± 19.4 50.2 ± 18.7 0.31

NS: no significant difference by χ2 test between groups, RAVLT: Rey Auditory Verbal Learning Test, DR: delayed recall.
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