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Memory deterioration is the earliest and most devastating cognitive deficit in normal aging

and Alzheimer's disease (AD). Some older adults, known as “Supernormals”, maintain

excellent memory. This study examined relationships between cerebral amyloid deposi-

tion and functional connectivity (FC) within the cingulate cortex (CC) and between CC and

other regions involved in memory maintenance between Supernormals, healthy controls

(HC), and those at risk for AD (amnestic mild cognitive impairment [MCI]). Supernormals

had significantly stronger FC between anterior CC and R-hippocampus, middle CC (MCC)

and L-superior temporal gyrus, and posterior CC (PCC) and R-precuneus, while weaker FC

between MCC and R-middle frontal gyrus and MCC and R-thalamus than other groups. All

of these FC were significantly related to memory and global cognition in all participants.

Supernormals had less amyloid deposition than other groups. Relationships between

global cognition and FC were stronger among amyloid positive participants. Relationships

between memory and FC remained regardless of amyloid level. This revealed how CC-

related neural function participates in cognitive maintenance in the presence of amyloid

deposition, potentially explaining excellent cognitive function among Supernormals.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Deterioration of cognition, particularly episodic memory, is

believed to be an inevitable part of the aging process that is

accelerated in Alzheimer's disease (AD) (Tromp, Dufour,

Lithfous, Pebayle, & Despres, 2015). Recent literature sug-

gests inter-individual variability in maintaining memory ca-

pacity in old age (Nyberg, Lovden, Riklund, Lindenberger, &

Backman, 2012; Raz & Lindenberger, 2011). Indeed, some

older adults demonstrate superior memory capacity

compared to cognitively normal counterparts at younger or

similar age, and retain excellent memory capacity over de-

cades (Gefen et al., 2015; Habib, Nyberg, & Nilsson, 2007;

Rogalski et al., 2013). These “Supernormal” individuals are a

unique population for studies as understanding the physi-

ology supporting superior memory may provide insights for

preservation of cognitive function during aging as well as

treatment of age-related cognitive diseases such as AD

(Mapstone et al., under review). Cerebral amyloid deposition, a

signature AD pathology, occurs decades earlier than the

clinical onset of AD, precipitating memory deterioration (Jack

et al., 2010). It is unclear, however, whether any brain regions'
function is particularly resistant to AD pathology andwhether

this resistance to pathology contributes to superior memory

exhibited by Supernormals.

Most neuroimaging investigations ofmemory deterioration

in normal aging and age-associated neurodegeneration have

focused on medial temporal/hippocampal and prefrontal dis-

ruptions (Corkin, 2002; Park & Reuter-Lorenz, 2009). A recent

study also confirmed the discrete hippocampal and prefrontal

activations in supporting Supernormals' excellent memory

capacity (Pudas et al., 2013). Meanwhile, the cingulate cortex

(CC), given its low frequency of AD-related neurofibrillary

tangles and preserved cortical thickness, appears to play a

unique role in supporting Supernormals' cognitive perfor-

mance (Gefen et al., 2015; Rogalski et al., 2013). Cumulative

evidence suggests the CC is a hub that links multiple brain

regions (Gong et al., 2009; Hagmann et al., 2008). By integrating

input from various sources, such as hippocampus and pre-

frontal cortex, CC actively participates in the regulation of

multiple cognitive functions as part of Papez circuit (or medial

limbic circuit) (Papez, 1937; Shackman et al., 2011), and is

disrupted early in both normal aging and AD-associated neu-

rodegeneration (Chang et al., 2015; Sheline et al., 2010). Such

characteristics make CC an ideal region for understanding the

influence of functional connectivity (FC) on excellent memory,

by connecting to the hippocampal and prefrontal regions.

Furthermore, compared to other brain regions, including

medial temporal/hippocampal and prefrontal lobes, CC is

affected by amyloid deposition early in both aging and AD

(Camus et al., 2012; Chang et al., 2015; La Joie et al., 2012).

Notably, in an emerging structural imaging study examining

the default neural networks, cortical thickness was preserved

in multiple cingulate, hippocampal, and frontal regions

among Supernormals when compared to their younger

counterparts (Sun et al., 2016). In resting-state functional MRI

(rs-fMRI) studies of cognitively normal (but not necessarily

cognitively excellent) older adults, greater FC between anterior

(ACC) and posterior CC (PCC), between ACC and prefrontal
cortex, or between PCC and hippocampus have been corre-

lated to higher education, often used as a surrogate for intel-

ligence, and overall better cognitive function (Arenaza-Urquijo

et al., 2013; Shu et al., 2016; Wang et al., 2010). Similarly, the

reduction of ACC and/or PCC's FC with other regions (e.g.,

precuneus, hippocampus, middle temporal lobe) has been

consistently revealed in individuals with amnestic mild

cognitive impairment (MCI) compared to their cognitively

normal controls (Bai et al., 2009; Binnewijzend et al., 2012;

Dunn et al., 2014; Tam et al., 2015; Yan, Zhang, Chen, Wang,

& Liu, 2013), and differentiates individuals with amnestic

MCI from MCI due to deficits unrelated to AD (Dunn et al.,

2014). However, the relationships between FC and cerebral

amyloid deposition have been varied across studies of cogni-

tively normal older adults or MCI (Chao et al., 2013; Hedden

et al., 2009; Lim et al., 2014; Mormino et al., 2011; Sheline

et al., 2010; Sperling et al., 2009; Zhou, Yu, & Duong, 2015).

In the present study we examined the relationship be-

tween cerebral amyloid deposition and FC within discrete

regions of CC [ACC, middle CC (MCC), and PCC] and more

importantly, between CC and other regions involved in

memory maintenance between Supernormals, healthy con-

trols (HC), and older adults diagnosedwith amnestic MCI, who

are at high risk for AD.We hypothesized that, compared to HC

or MCI, more efficient FC of CC would support superior

memory abilities among Supernormals, even in the presence

of amyloid.
2. Materials and methods

2.1. ADNI dataset

Data used in the preparation of this article were obtained from

the Alzheimer's Disease Neuroimaging Initiative (ADNI)

database (adni.loni.usc.edu). The ADNI was launched in 2003

as a public-private partnership, led by Principal Investigator

MichaelW.Weiner, MD. The primary goal of ADNI has been to

test whether serial magnetic resonance imaging (MRI), posi-

tron emission tomography (PET), other biological markers,

and clinical and neuropsychological assessment can be com-

bined tomeasure the progression of MCI and early AD. For up-

to-date information, see www.adni-info.org.

2.2. Participants

The imaging and cognitive data were obtained from the

ADNIGO and ADNI2 datasets since participants included in

the present study were required to have 3 T rs-fMRI and flor-

betapir (18F-AV-45) PET imaging data. Participants had clinical

assessment visits to assess their cognitive and functional ca-

pacities that were separated from the imaging visits. We used

the cognitive data from the clinical assessment visits with

one-year interval. We first identified a group of cognitively

normal older adultswith superiormemory using the following

criteria: (1) being cognitively normal; and (2) having stan-

dardized episodic memory (EM) composite scores >1.5 across

all of the available clinical assessment visits with at least one

follow-up assessment in ADNIGO and ADNI2. Of note, the

average standardized EM composite score (“norm data”) is 1

http://adni.loni.usc.edu
http://www.adni-info.org
http://dx.doi.org/10.1016/j.cortex.2016.11.009
http://dx.doi.org/10.1016/j.cortex.2016.11.009
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among the entire ADNI sample (see description in the “Mea-

sures” section below). We choose to use the term “Supernor-

mal” in our work because our definition is based on an

individual's memory performance relative to age matched

peers. Other definitions of older adults with superior cognitive

abilities (e.g., Gefen et al., 2015; Rogalski et al., 2013), are based

on cognitive ability relative to younger cohorts. Thus, older

subjects who perform as well as or better than younger sub-

jects are termed “Superagers” implying a superior relative

ability across time. Whereas our term “Supernormals” is

based in a statistical framework for a population distribution

of the same age. In our opinion, each definition hasmerits, but

the definitional differences should not be lost when

comparing results across different studies.

We also randomly identified two age- and gender-matched

comparison groups (HC, and amnestic MCI) from eligible

participants in ADNIGO and ADNI2. The HC group was

required to be cognitively normal and have standardized EM

composite scores between .5 and 1.5 across all of the available

clinical assessment visits and had at least one follow-up

assessment in ADNIGO and ADNI2. The amnestic MCI group

(“late MCI” as defined in ADNIGO and ADNI2) consisted of

participants diagnosed by a psychiatrist or neurologist at

study sites, and reviewed by a Central Review Committee,

based on subjectivememory complaint and impairedmemory

performance from serial neuropsychological tests (including

the Logical Memory II subscale of theWechsler Memory Scale-

Revised, the Mini-Mental State Exam, and the Clinical De-

mentia Rating). Similar to the other two groups, the amnestic

MCI group was required to remain in the same clinical cate-

gory across all of the available clinical assessment visits and

have at least one follow-up assessment in ADNIGO and

ADNI2. More information about the diagnostic criteria for MCI

and HC can be found in the literature (Petersen et al., 2010).

Fig. 1 displays the flowchart for the sample selection process.

2.3. Measures

2.3.1. Cognition
EM and executive function (EF) were measured using two com-

posite scores developed based on serial factor analyses (Crane

et al., 2012; Gibbons et al., 2012). The composite EM index was

based on the memory-related domains of the Mini Mental

Status Examination, Alzheimer's Disease Assessment Scale-

Cognition subscale, Rey Auditory Verbal Learning Test, and

Logical Memory test. The composite EF indexwas based on the

Wechsler Memory Scale- Revised Digit Span Test, Digit Span

Backwards, Category Fluency, Trails A and B, and the Clock

Drawing Test. Global cognition was measured using the Mon-

treal Cognitive Assessment (MOCA) (Rossetti, Lacritz, Cullum,

& Weiner, 2011). The baseline to year-4 follow-up longitudi-

nal cognitive profile for the three groups is displayed in

Supplemental Figure. In addition to the baseline, the average

follow-up period ranged from 2.56 for Supernormal, 2.67 for

HC, to 3.33 years for MCI without group differences (F ¼ 1.72,

p ¼ .20). The three groups were significantly different in base-

line and rate of change of EM (Wald's c2¼ 91.92, p< .001;Wald's
c2 ¼ 11.42, p < .003, respectively) and MOCA (Wald's c2 ¼ 6.10,

p ¼ .047; Wald's c2 ¼ 15.07, p ¼ .001, respectively), but not EF

using the Generalized Estimating Equation model with the
first-order autoregressive [AR(1)] working correlation matrix.

This model takes into account the correlation between as-

sessments at two consecutive time points and random errors,

such as missing data, occurring at the individual level (Liang &

Zeger, 1986). Of note, the cross-sectional cognitive data used in

the present study were from the time points where imaging

data for both modalities were available (48.1% were baseline

visit with the rest being follow-up visits, see Table 1).

2.4. Imaging data acquisition, preprocessing, and
analysis

2.4.1. FC
Participants included in the current study were scanned with

a 3.0 T Phillips MRI. The T1-weighted structural brain images

were acquired using a magnetization-prepared rapid

gradient-echo (MPRAGE) sequence (TE ¼ 3.13 msec,

TR ¼ 6.77 msec, matrix ¼ 256 � 256 � 170 in x-, y- and z-di-

mensions, voxel size¼ 1� 1� 1.2mm3, flip angel¼ 9�). The rs-

fMRI imaging data were obtained using an echo-planar im-

aging (EPI) sequence (TR ¼ 3000 msec, TE ¼ 30 msec, slice

thickness ¼ 3.3 mm, matrix ¼ 64 � 64, voxel

size ¼ 3 � 3 � 3 mm3, number of volumes ¼ 140, number of

slices ¼ 48). The rs-fMRI data were preprocessed using con-

nectivity toolbox (Conn16a) (Whitfield-Gabrieli & Nieto-

Castanon, 2012) based on statistical parametric mapping

(SPM8) (http://www.fil.ion.ucl.ac.uk/spm/). For each partici-

pant, the first 10 volumes were removed to avoid potential

noise related to the equilibrium of the scanner and partici-

pant's adaptation to the scanner. The remaining 130 volumes

were slice-timing and motion corrected. The images were

then co-registered to each individual's own anatomical scan,

normalized to the Montreal Neurological Institute (MNI) 152

space, and resampled at 2 mm3. At last, a Gaussian kernel

(FWHM ¼ 6 mm) was applied to smooth all the images. Before

FC analysis, the linear trend was removed and a band pass

filter (.01e.08 Hz) was applied to reduce the physiological

noise. Then the component-based analysis was applied to

remove the cerebrospinal fluid, white matter, movement pa-

rameters, and time-series predictors of global signal (Behzadi,

Restom, Liau, & Liu, 2007). Three regions of interest (ROIs),

ACC, MCC, and PCC, were identified using automated

anatomical labeling of 116 predefined anatomical brain re-

gions. The ROImaskswere generated for the FC analysis using

resting-state fMRI data analysis toolkit (REST) (Song et al.,

2011). For FC analysis, the averaged BOLD time course in

each ROIwas extracted as the seed and used to do voxel-wised

whole brain connectivity, respectively. We applied one-way

ANOVA to explore group differences in FC involved each

ROI, with threshold at p < .005, clusters > 432 mm3, corrected

p < .01. In addition, we calculated the gray matter volumes of

the three CC regions and for each ROI generated from the FC

analysis, as well as the whole brain, using voxel-based

morphometry analysis. We did not find any significant group

difference in the gray matter volume after adjusting for mul-

tiple comparisons (all p > .05).

2.4.2. Florbetapir standardized uptake value ratio (SUVR)
Florbetapir PET images were downloaded from the ADNI

database in their fully pre-processed form (AV45 Coreg, Avg,

http://www.fil.ion.ucl.ac.uk/spm/
http://dx.doi.org/10.1016/j.cortex.2016.11.009
http://dx.doi.org/10.1016/j.cortex.2016.11.009


Fig. 1 e Sample selection flow chart. Note. Participants' imaging visits were separated from their clinical assessment visits.

EM ¼ episodic memory; HC ¼ healthy control; MCI ¼ mild cognitive impairment.

Table 1 e Group comparison in the background characteristics.

Supernormal (n ¼ 9) HC (n ¼ 9) MCI (n ¼ 9) F or c2 test (p value)

Age, M (SD) 73.53 (6.38) 72.31 (5.57) 72.97 (6.91) .08 (.92)

Male, n (%) 1 (11.1) 1 (11.1) 1 (11.1) 0 (1.00)

Years of education, M (SD) 17.11 (2.42) 16.89 (2.03) 14.78 (2.49) 2.77 (.08)

EM, M (SD) 1.83 (0.23)a 1.03 (.13)b �.08 (.31)c 118.68 (<.001)x

EF, M (SD) 1.16 (.85) 0.73 (.65) 0.45 (.79) .85 (.44)x

MOCA, M (SD) 28.22 (1.48)a 25.56 (2.13)b 21.44 (2.74)c 16.54 (<.001)x

SUVR, M (SD) 1.04 (.09)a 1.16 (.17)a,b 1.20 (.12)b 3.72 (.026)x

� SUVRþ, n (%) 2 (22.2) 4 (44.4) 7 (77.9) 5.96 (.051)

� M (SD) for SUVR� group 1.00 (.05) 1.04 (.04) 1.03 (.01) 1.11 (.36)

� M (SD) for SUVRþ group 1.19 (.04) 1.32 (.12) 1.25 (.09) 1.45 (.28)

xControlled for education. a,b,cMeans with different superscripts are significantly different from each other; means with the same superscript

are not significantly different (Least Significant Difference's post hoc test, p < .05).
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Standardized Image and Voxel Size), as well as each subject's
structural T1 MR images, as described above. T1 images were

first segmented using Freesurfer (http://surfer.nmr.mgh.

harvard.edu/) and registered to the MNI152 template at an

isotropic resolution of 2 mmusing the FMRIB Software Library

(FSL v5.0, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). The results

of Freesurfer segmentation were examined visually for topo-

logical defects, with manual editing performed to correct

these defects. PET images were then co-registered to these T1

images in MNI152 space. SUVRs were computed for each ROI

described above, as well as for all cortical regions, using the

whole cerebellum as a reference. A “whole cortex” SUVR

summary value was calculated by averaging all of the indi-

vidual cortical SUVRs. A threshold value of SUVR > 1.11

(SUVRþ/�) was also set for the whole cortex summary value to

separate amyloid positive (SUVRþ) and negative (SUVR�)
participants, based on prior recommendations (Landau et al.,

2013). Of note, we measured cerebral SUVR instead of

limiting it to CC given the whole-brain FC analysis (although

taking CC as seeds) we conducted. Additionally, we calculated

ACC, MCC, and PCC SUVR, and there was no group difference

(all F < 1.12, p > .05).

2.5. Other data analysis

Data analyses were conducted using SPSS 22.0 (IBM Corpora-

tion, Armonk, NY). Group comparisons of sample character-

istics were made using ANOVA for continuous variables or c2

tests for categorical variables. Post-hoc analysis was con-

ducted with Least Significant Difference analysis. Group

comparison in FC and cognitive function by SUVRþ/� levels

were examined using independent t-test with the entire

http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/
http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL
http://dx.doi.org/10.1016/j.cortex.2016.11.009
http://dx.doi.org/10.1016/j.cortex.2016.11.009
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sample. Generalized Linear Models with an identity link and

linear scale response were used to examine the interaction

between FC and group on cognitive function (ycognitive function¼
b0 þ b1Age þ b2Education þ b3Group þ b4FC þ b5Group � FC þ
ε), as well as the interaction between FC and SUVRþ/� on

cognitive function (ycognitive function ¼ b0 þ b1Age þ
b2Education þ b3Group þ b4FC þ b5SUVRþ/� þ b6Group �
SUVRþ/� þ ε). All tests with False Discovery Rate (FDR)-

adjusted two-tailed p values less than .05 were considered

significant. FDR-correction was applied to address multiple

comparisons among FC.
3. Results

3.1. Group comparison of FC, SUVR, and cognitive
function

We placed seeds separately in the ACC, MCC, and PCC using

voxel-wised whole brain connectivity with one-way ANOVA,

and determined FC for five regions which distinguished Su-

pernormal from the other groups. Supernormals had signifi-

cantly stronger FC between ACC and right (R) hippocampus,

MCC and left (L) superior temporal gyrus (STG), and PCC and R-

precuneus (mean difference: .21e.31, all p < .001), and weaker

FC between MCC and R middle frontal gyrus (MFG) and MCC

and R thalamus compared to the other groups (mean differ-

ence:�.32 to�.16, all p < .004); the MCI group had significantly

stronger FC between MCC and R-MFG and MCC and R-thal-

amus than the other groups when controlling for education

(mean difference: .12e.32, all p < .022; see Fig. 2). Of note, two

FC of MCC or PCC with L-occipital cortex where HC were

significantly stronger than the other two groups were

excluded from the analysis.
Fig. 2 e Group differences in FC when taking the cingulate cort

control; MCI¼ mild cognitive impairment; ACC¼ anterior cingu

cingulate cortex; STG ¼ superior temporal gyrus; MFG ¼ middle

controlled in the comparison.
The three groups were significantly different in the EM and

MOCA scores, and SUVR, but not in EF (see Table 1). The

following analysis of cognitive function therefore only

focused on EM and MOCA.

3.2. Relationship between FC and cognitive function as
total and by group

When controlling for age and education, stronger FC between

ACC-Rhippocampus (r ¼ .61, p ¼ .001; r ¼ .55, p ¼ .005,

respectively), MCC-LSTG (r ¼ .60, p ¼ .001; r ¼ .56, p ¼ .003,

respectively), and PCC-Rprecuneus (r ¼ .58, p ¼ .002; r ¼ .40,

p ¼ .046, respectively) and weaker FC in MCC-RMFG (r ¼ �.78,

p < .001; r ¼ �.71, p < .001) and MCC-Rthalamus (r ¼ �.75,

p < .001; r ¼ �.70, p < .001) were significantly related to better

EM and MOCA in all participants. There was no correlation

between FC and EF for the data taken as a whole. Additionally,

the group did not affect the relationship between FC and

cognitive function (i.e., no significant interaction effect be-

tween group and FC on cognitive function, see Supplemental

Table 1).

3.3. Subsample analysis including only amyloid positive
MCI

We excluded the two amyloid negative MCI cases (although

both had consistent clinical amnestic MCI diagnosis over 3 or

5 years). The group differences in FC and cognitive domains

remained the same as for the main analysis (see

Supplemental Table 2). Group and RMFG (Wald's c2 ¼ 9.97,

p ¼ .007) had significant interaction effects on memory. Group

and MCC-Rthalamus (Wald's c2 ¼ 10.49, p ¼ .005) and PCC-

Lprecuneus (Wald's c2 ¼ 12.07, p ¼ .002) had significant

interaction effects on MOCA (see Supplemental Table 3).
ex regions as the seeds. SN ¼ supernormal; HC ¼ healthy

late cortex; PCC ¼ posterior cingulate cortex; MCC ¼ middle

frontal gyrus. *p < .05; **p < .01; ***p < .001. Education was

http://dx.doi.org/10.1016/j.cortex.2016.11.009
http://dx.doi.org/10.1016/j.cortex.2016.11.009
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3.4. Relationship between FC, SUVR, and cognitive
function

For the entire sample, the five FC did not differ based on

SUVRþ/� (all FDR-corrected p > .05); however, SUVRþ subjects

had significantly lower levels ofmemory (t¼ 2.32, p¼ .044) and

MOCA (t ¼ 3.64, p ¼ .006) than SUVR� subjects. Controlling for

age, education, group, FC, and SUVRþ/�, there were significant

interaction effects between SUVRþ/� and MCC-LSTG (Wald's
c2 ¼ 4.87, p ¼ .027), MCC-Rthalamus (Wald's c2 ¼ 12.94,

p < .001), and PCC-Rprecuenues (Wald's c2 ¼ 14.00, p < .001) on

MOCA after FDR-correction. Compared to those who were

SUVR�, individuals who were SUVRþ had a more positive

relationship between MCC-L-STG and MOCA [B (SE) ¼ 9.16

(4.15), Wald's c2 ¼ 4.87, p ¼ .027], and between PCC-

Rprecuenues and MOCA [B (SE) ¼ 14.02 (3.75), Wald's
c2 ¼ 14.00, p < .001], and more negative relationship between

MCC-Rthalamus and MOCA [B (SE) ¼ �13.66 (3.80), Wald's
c2 ¼ 12.94, p < .001] (see Fig. 3a). There was no interaction ef-

fect on EM (Fig. 3b is displayed as a comparison).
4. Discussion

We identified a group of older adults with excellent memory

and global cognition and examined the role of CC involved FC

in supporting the cognitive function, and its relationship with
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Fig. 3 e Relationship between FC and cognitive function (A. MO

represent different groups; triangle: MCI, square: HC, and circle

ACC ¼ anterior cingulate cortex; PCC ¼ posterior cingulate corte

gyrus; MFG ¼ middle frontal gyrus; EM ¼ episodic memory; MO
amyloid deposition. There were two lines of findings: First,

when applying the regions of CC as seeds separately, the Su-

pernormals had significantly stronger FC between ACC and R-

hippocampus, MCC and L-STG, and PCC and R-precuneus, and

weaker FC betweenMCC and R-MFG andMCC and R-thalamus

than their age- and sex-matched cognitively normal or at-risk

counterparts. Furthermore, stronger FC between ACC and R-

hippocampus, MCC and L-STG, and PCC and R-precuneus, and

weaker FC betweenMCC and R-MFG andMCC and R-thalamus

were significantly related to better memory and global

cognition in the entire sample. Second, the Supernormals had

significantly lower levels of amyloid deposition. Across all

groups, the relationships between global cognition and FC

(includingMCC and L-STG,MCC and R-thalamus, and PCC and

R-precuneus) were stronger among those participants defined

as amyloid positive. Conversely, the relationship between

memory and FC remained regardless of the level of amyloid

deposition.

Several FCs between CC and other brain regions that

distinguish the Supernormals from their counterparts have

been studied in the healthy aging or AD literature. Two of the

regions showing stronger connectivity to CC in Supernormals

(R-hippocampus and R-precuneus) are involved in episodic

memory and the defaultmode network (DMN). As a number of

studies have examined the relationship between aging and

episodic memory (Tromp et al., 2015), aging and DMN activity

(Greicius, Srivastava, Reiss, & Menon, 2004), or brain volume
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within DMN among Supernormals (Sun et al., 2016), our re-

sults further validate the brain function and episodic memory

in the Supernormals. For example, decreased FC between PCC

and precuneus occurs in the early stages of AD (Binnewijzend

et al., 2012; Zhang et al., 2009), and positive relationships be-

tweenmemory performance and FC in ACC and hippocampus

were found in cognitively normal older adults (Arenaza-

Urquijo et al., 2013; Li et al., 2014). On the other hand, the FC

between MCC and two other regions (R-MFG and R-thalamus)

is less studied, with the present study being the first to reveal

FC of MCC with other cortical or subcortical regions linked to

cognitive function. The MCC and thalamus are often studied

independently in the stress regulation process (Kogler et al.,

2015); MCC and MFG have also been studied separately in

memory or learning tasks (Gould, Brown, Owen, Bullmore, &

Howard, 2006), with an interesting case-study showing that

the RMFG may play a role in the shifting of attention from

exogenous to endogenous control (Japee, Holiday, Satyshur,

Mukai, & Ungerleider, 2015). Noticeably, cumulative evi-

dence suggests that cognitive protection against aging (as

seen in HC group) or neurodegeneration (as seen in aMCI pa-

tients) is regulated through compensatory neural reconfigu-

rations that rely heavily on recruitment of frontal regions due

to the dysfunctional hippocampus (Bondi, Houston, Eyler, &

Brown, 2005; Bookheimer et al., 2000; Park & Reuter-Lorenz,

2009). The distinct FC patterns observed in Supernormals

when comparing to HC or MCI, such as stronger FC between

ACC and R-hippocampus while weaker FC between MCC and

R-MFG,may represent exceptional neural reserve or efficiency

in Supernormals that violate the common neural deficit (e.g.,

hippocampus) or compensation (e.g., prefrontal cortex) seen

in aging or neurodegeneration.

Supernormals seemed to have less cerebral amyloid

deposition, and amyloid positive participants in general had

significantly worse memory and global cognition. However,

the lack of a significant relationship between amyloid depo-

sition and FC involved the CC may be due to the relatively

small sample. Of note, in the healthy aging literature, amyloid

deposition has been shown to directly affect memory perfor-

mance (Sperling et al., 2013), while functional changes in CC

are highly correlated with amyloid retention (Hedden et al.,

2009; Sheline et al., 2010; Sperling et al., 2009). Specifically,

increased amyloid deposition has been shown to correlate

with decreased FC in the DMN (Mormino, et al., 2011). How-

ever, the literature reports inconsistent results on amyloid

deposition in Supernormals, with some investigators

observing similar amyloid levels compared to controls (Tamar

Gefen et al., 2014) and others reporting reductions in Super-

normals (Imhof et al., 2007; Rogalski et al., 2013). Quantifica-

tion of amyloid deposition in these studies was performed

using samples from autopsied brains, rather than through PET

imaging. The supernormal literature also shows inconsistent

relationships between AD pathology and memory perfor-

mance (Balasubramanian, Kawas, Peltz, Brookmeyer, &

Corrada, 2012; Harrison, Weintraub, Mesulam, & Rogalski,

2012). The findings related to amyloid deposition with the

group, FC, or cognition in the present study will need to be

reexamined in large sample size. Also, there may be different

mechanisms underlying the supernormal phenomenon,
which require further clarification incorporating the exami-

nation of relevant structural connectivity.

The interactions between FC and amyloid deposition

influenced memory and global cognition in slightly different

ways. The stronger FC in Supernormals, which was related to

their excellent cognitive function, was associated with

memory; and the level of amyloid deposition did not affect

this relationship. Conversely, FC, especially in MCC-LSTG,

MCC-Rthalamus, and PCC-Rprecuneus, had stronger associa-

tions with global cognition in individuals with higher levels of

amyloid deposition. This suggests that individualswith higher

levels of amyloid deposition, who were less likely in the Su-

pernormal group, may be more sensitive to dysfunctional FC,

which results in a higher likelihood of deficits in global

cognition. Noticeably, the significant interaction effects be-

tween FC and group on cognition only existed when restrict-

ing amnestic MCI group to those who were amyloid positive.

Such findings were consistent with the interaction effects

found between FC and amyloid deposition described above,

which suggest CC-involved neural function may protect

against AD pathology, instead of the clinical phenotypes.

Neuroplasticity is inducible in CC such that the CC can be

modified by life style or behavioral factors (Lin et al., 2016), and

the activation and FC of ACC and PCC involved network (e.g.,

DMN) are critical in maintaining cognitive reserve (Bozzali

et al., 2015; Sumowski, Wylie, Deluca, & Chiaravalloti, 2010).

This makes CC a viable target for intervention aimed to pre-

vent memory decline or enhance memory capacity.

We acknowledge several limitations related to this small

sample size preliminary work. First, although we also found

insignificant group difference in EF in a different cohort study

(Mapstone et al., under review), EF is known to bemediated by

CC (Grambaite et al., 2011). The lack of significant results in

group difference in EF or the correlation between EF and CC's
function may be due to the small sample size. Similar issues

were also observed in the lack of significant group difference

in amyloid deposition or brain volume in CC. The next step

will be to solve these remaining questions with larger sample

size. In addition, a fuller understanding of the group effect on

relationships between amyloid deposition, cognitive function,

and FC, as well as the correspondence of functional-structural

connectivity in these connected regions, may help further

clarify the impact of amyloid deposition on cognitive function.

Next, the Supernormal phenomenon is an emerging concept

in the cognitive aging field. We defined Supernormals

completely based on individuals'memory performance due to

the vulnerability of memory in the AD-associated neurode-

generative process (Tromp et al., 2015). As described previ-

ously, Supernormality was defined based on a statistical

distribution of cognitive performance in an aging population.

It will be important to fully describe the Supernormal cogni-

tive profile across multiple domains and determine the most

appropriate cut-off scores by linking to relevant brain function

and pathology data.

In conclusion, the present study revealed how CC-related

neural function participates in the maintenance of cognitive

function even in the presence of amyloid deposition. Such a

process may help explain the excellent cognitive function

among Supernormals.
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