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Although previous studies demonstrated decreased functional connectivity in the default mode network in the cognitively

normal older adults with amyloid burden, effects of amyloid burden in the other large-scale intrinsic connectivity networks

are not yet clear. The aim of this study was to investigate the distinctive association pattern of amyloid-b deposition on the

three large-scale intrinsic connectivity networks (the default mode network, salience network and central executive network) in

older adults with normal cognition. Fifty-six older adults with normal cognition underwent functional magnetic resonance

imaging and were dichotomized using 11C-labelled Pittsburgh compound B positron emission tomography imaging into subjects

with (PiB +; n = 27) and without (PiB� ; n = 29) detectable amyloid burden. We found that the functional connectivities of (i) the

default mode network were greater; (ii) the salience network were not different; and (iii) the central executive network were

lower in the Pittsburgh compound B positive group, compared with the Pittsburgh compound B negative group. Anterior

cingulate cortex Pittsburgh compound B retention was negatively correlated with the functional connectivities of the posterior

default mode network, and positively correlated with fronto-parietal functional connectivity (within the central executive net-

work) in the Pittsburgh compound B positive group. The anti-correlation strength between the default mode network and the

central executive network was negatively correlated with the anterior cingulate cortex Pittsburgh compound B levels.

Additionally, significant group � episodic memory interactions with functional connectivities in the posterior default mode

network, and the frontal default mode network were observed. Our results of aberrant default mode network functional con-

nectivity and distinctive correlation patterns between the Pittsburgh compound B retention in the anterior cingulate cortex and

functional connectivities in the default mode network and central executive network in the Pittsburgh compound B positive

group might reflect a detrimental effect of amyloid retention on functional changes in the course of Alzheimer’s disease

progression.
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Introduction
Beta-amyloid (amyloid-b) protein accumulation in the human brain

is a characteristic of Alzheimer’s disease and a key component in

current theories of the disease’s pathogenesis (Hardy and Selkoe,

2002). The presence of amyloid-b might contribute to the dele-

terious effects occurring in synaptic processes, leading to impaired

memory consolidation and failure to form new memories (Vannini

et al., 2012). Fibrillar amyloid-b protein deposition in the brain is

measurable in vivo using the PET ligand Pittsburgh compound B

(PiB) (Cohen et al., 2013). As amyloid-b protein is known to ac-

cumulate for a number of years before the cognitive symptoms of

Alzheimer’s disease manifest (Jack et al., 2010), emphasis in many

research studies has moved towards detection of the earliest signs

of amyloid-b deposition in cognitively normal individuals (Cohen

et al., 2013). Although amyloid-b deposition may be one of the

earliest biological alterations in the pathophysiological cascade of

Alzheimer’s disease, additional events must occur before the clin-

ical symptoms of Alzheimer’s disease appear (Jack et al., 2009).

Therefore, identification of the earliest functional brain change in

cognitively normal elderly subjects with amyloid burden is con-

sidered an important early milestone in progression to

Alzheimer’s disease. As compared to task-based functional MRI

studies, which require interpretation of the functional connectivity

within the context of the experimental paradigm, resting state

functional MRI studies interrogate the intrinsic functional connect-

ivity networks (ICN) without an experimentally determined con-

text (Vemuri et al., 2012). Previous studies have shown that ICN

change is sensitive to functional brain changes related to

Alzheimer’s disease pathology across the clinical spectrum

(Damoiseaux, 2012).

In this regard, several previous studies have reported on ICN

changes in the brains of subjects with amyloid deposition but no

cognitive impairments (Hedden et al., 2009; Sperling et al., 2009;

Sheline et al., 2010; Mormino et al., 2011). They demonstrated

decreased functional connectivity in the default mode network

(DMN) in cognitively normal subjects with amyloid burden and

distinctive correlation patterns between PiB retention and the

DMN functional connectivity (Hedden et al., 2009; Sperling

et al., 2009; Sheline et al., 2010; Mormino et al., 2011). All of

these studies limited their connectivity analyses to the DMN, most

likely because it is altered early in the pathogenesis of Alzheimer’s

disease. Besides DMN, other stable ICNs have been identified in

the human brain thus far, including the central executive network

(CEN) and the salience network (SN). These ICNs have been

found to play crucial roles in information processing, in a well

coordinated manner with the DMN (Menon, 2011). The DMN is

related with activity in the CEN, which is activated during goal-

oriented activity (Uddin et al., 2009; Bressler and Menon, 2010).

This reciprocal relationship between these two networks reflects

two types of distinct modes of cognitive processing: the DMN,

serving untargeted inner thought in one mode; and the CEN,

serving focused, stimulus-dependent attention in the second

mode (Fox et al., 2005; Buckner et al., 2008). In addition, func-

tional switching between the DMN and CEN is known to be

regulated by the salience network, which is responsible for

generating appropriate behavioural responses to salient stimuli

(Menon and Uddin, 2010). Hence, functional changes in all

three of these networks need to be investigated to explore more

integrative neurobiological models of the effect of amyloid-b pro-

tein deposition on ICNs. In pursuit of this goal, the previous rest-

ing state functional MRI studies have demonstrated aberrant

functional connectivity of the DMN, SN and CEN, along with

loss of anti-correlation between the DMN and CEN in the disease

continuum of Alzheimer’s disease (Agosta et al., 2012; Brier et al.,

2012). Furthermore, a recent functional MRI study showed that

spatial patterns of PiB uptake were positively correlated with ICNs,

and that amyloid-b deposition had a negative impact on functional

connectivity in subjects with amnestic mild cognitive impairment

(MCI) with amyloid burden (Myers et al., 2014). However, despite

previous work on prodromal and clinical Alzheimer’s disease, the

distinctive pattern between amyloid burden and functional con-

nectivity in the ICNs in cognitively normal older adults remains

to be elucidated.

Other questions regarding the effect of amyloid-b on brain ICN

also remain incompletely answered. Although Mormino et al.

(2011) found a negative association between PiB retention and

the DMN functional connectivity in cognitively normal elderly sub-

jects, they did not examine the associations between amyloid load

and DMN in PiB� and PiB + subjects separately. Cognitively

normal elderly subjects with evidence of amyloid deposition have

been reported to have a greater rate of change in cognitive func-

tion (Storandt et al., 2009), and an increased rate of progression

to Alzheimer’s disease (Morris et al., 2009). Therefore, it is likely

informative to separately analyse amyloid-b-related effects on the

ICN of PiB + and PiB� subjects in order to distinguish effects of

normal ageing from effects of preclinical Alzheimer’s disease

(Cohen et al., 2013). Moreover, the lack of significant relation-

ships between episodic memory scores and functional connectivity

in the study by Mormino et al. (2011), could be attributable to the

inclusion of PiB� individuals, in which PiB measures may primarily

reflect non-specific retention.

The aim of this study is to investigate functional connectivity

differences in the three large scale ICNs (the DMN, SN and CEN)

and the association of amyloid-b deposition on these ICNs in older

adults with normal cognition. In addition, we explore group dif-

ferences of inter-ICN functional connectivities between the PiB +

and the PiB� groups, and the relationships between inter-ICN

functional connectivities and amyloid-b deposition in the PiB +

group. These are done with amyloid-b load treated as a dichot-

omous variable (PiB + and PiB� ), and also, within the PiB +

group, amyloid-b load is used as a continuous measure, reflecting

the local amyloid burden. In addition, in order to characterize the

association of ICN with subtle cognitive change, we relate episodic

memory performance to ICNs in the three large scale networks in

the PiB + group versus the PiB� group.

As previous studies have found lower DMN functional connect-

ivity in PiB + (Hedden et al., 2009; Sheline et al., 2010), we

hypothesized that we would observe similar findings. As a corol-

lary, we expected that functional connectivities of the SN and the

CEN, which were known to be anti-correlated with the DMN

(Buckner et al., 2008; Brier et al., 2012) would be higher in the

PiB + group, as compared to the PiB� group. Furthermore, the
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anti-correlation strength between the DMN and the SN/CEN

would be negatively correlated with PiB levels in the PiB +

group, as suggested in a previous study on Alzheimer’s disease

and amnestic MCI (Brier et al., 2012). In addition, we expected

the regional PiB retention would have distinctive association pat-

terns with the three large ICNs in the PiB + group. Finally, we

hypothesized significant differences between the PiB + and the

PiB� groups in the associations between episodic memory and

functional connectivity in the three ICNs.

Materials and methods

Subjects
Fifty-six elderly subjects with normal cognition were included. They

were recruited from advertisements in the community, from a cohort

of control volunteers at the University of Pittsburgh Alzheimer’s

Disease Research Centre (ADRC), and from the University of

Pittsburgh Pepper Registry, which is a registry of studies on mobility,

balance, and ageing.

The inclusion criteria of the subjects were as follows: (i) subjects

aged 460 years; (ii) Mini-Mental Status Examination score 427;

and (iii) Clinical Dementia Rating = 0 (Morris, 1993). Subjects with

any psychiatric, neurological and unstable medical conditions were

excluded.

The cognitive testing battery included the following domains:

memory, visuospatial construction, language, attention and executive

functions. Detailed names of the tests and reviewing process are

described in the Supplementary material.

PET acquisition
[11C]PiB was produced and PiB-PET data were collected and analysed

as previously described (Price et al., 2005). The individual participant’s

MRI was utilized for co-registration and region of interest definition

(Price et al., 2005; Cohen et al., 2009) and for correcting PiB-PET data

for the diluting effects of expanding cerebrospinal spaces accompany-

ing cerebral atrophy (Meltzer et al., 1999). Analysis of the PiB PET

data utilized a standardized uptake value ratio 50–70 min post-injec-

tion, using the cerebellum region of interest as the reference.

The PiB PET data were acquired within 6 weeks of clinical screening

and cognitive testing. Cut-offs for PiB-positivity were determined using

sparse k-means clustering with re-sampling, as described previously

(Cohen et al., 2013). Importantly, a subject was defined as PiB + if

they exceeded the cut-off in any one of the six regions shown in

Fig. 1. This method was chosen to increase the sensitivity of detecting

the earliest evidence of amyloid-b deposition (Cohen et al., 2013).

From sparse k-means clustering regional cut-offs were obtained for

brain regions that most commonly show amyloid deposition in

Alzheimer’s disease: anterior cingulate cortex (cut-off = 1.78), frontal

cortex (cut-off = 1.71), lateral temporal cortex (cut-off = 1.50), medial

temporal cortex (cut-off = 1.42), parietal cortex (cut-off = 1.63), and

precuneus cortex (cut-off = 1.73). Any subject who had PiB retention

values exceeding this cut-off point in any one (or more) of these six

brain regions was defined as PiB + .

MRI acquisition
Imaging data were collected at the University of Pittsburgh Magnetic

Resonance Research Centre (MRRC) using a 3T Siemens Trio machine,

and 12-channel Siemens head coil. A standard high-resolution T1-

weighted volumetric magnetization prepared rapid gradient echo

scan (MPRAGE) sequence was acquired in axial orientation (160

slices, 256 � 240, 1 mm isotropic). For the resting-state scan, T2*-

weighted blood oxygen level-dependent acquisition was done using

a gradient echo planar imaging sequence: repetition time = 2000 ms,

echo time = 34 ms, matrix = 128 � 128 � 29, voxel size =

2 � 2 � 3 mm3, oblique axial acquisition, integrated parallel acquisition

techniques = 2. Images were acquired over 5 min (150 volumes).

Subjects were instructed to lie still with their eyes open, look at a

fixation cross, think of nothing in particular, and not to fall asleep.

Data analysis

Independent component analysis

Resting state functional MRI preprocessing was carried out using the

Multivariate Exploratory Linear Optimized Decomposition into

Independent Components (MELODIC) (Beckmann et al., 2005).

Figure 1 PiB retention among the cognitively normal subjects without amyloid burden (PiB� ) and with amyloid burden (PiB + ). Group

comparison results between the PiB + and PiB� groups using (A) region of interest (P50.05, Holm-Bonferroni corrected for multiple

comparisons) and (B) voxel-wise (P50.05, FDR corrected for multiple comparisons) analyses. The standardized uptake value ratio levels

in the PiB + were significantly increased compared with the PiB� group. SUVR = standardized uptake value ratio; ACC = anterior cin-

gulate cortex; FRC = frontal cortex; LTC = lateral temporal cortex; MTC = medial temporal cortex; PAR = parietal cortex; PRC = precuneus

cortex. *Significant P5 0.05, Bonferroni corrected for multiple comparisons.
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Individual pre-statistical processing consisted of motion correction,

brain extraction, and spatial smoothing using a Gaussian kernel of

full-width at half-maximum of 6 mm smoothing kernel. We used

affine coregistration to motion-correct the resting state functional

MRI data. No excessive head motion was observed (i.e. cumulative

translation or rotation 43 mm or 3� and mean point-to-point transla-

tion or rotation 40.15 mm or 0.1�). Frame-wise displacement (Power

et al., 2012) or the root-mean-square of translational parameters (Van

Dijk et al., 2012) were not different between groups (P4 0.05, two-

sample t-tests).

A high-pass temporal filtering equivalent to 150 s (0.007 Hz) was

also used. Functional MRI volumes were registered to the individual’s

structural scan and standard space images using FMRIB’s Nonlinear

Image Registration Tool (FNIRT). Preprocessed functional data con-

taining 150 time points for each subject were temporally concatenated

across subjects to create a single 4D data set. The between-group

analysis of the resting data was carried out using a regression tech-

nique (dual regression) that allows for voxel-wise comparisons of rest-

ing functional connectivities (Filippini et al., 2009). In this analysis, the

data set was decomposed into 29 components in which the model

order was automatically estimated using the Laplace approximation

to the Bayesian evidence for a probabilistic principal component

mode, and ICNs of interest (DMN, SN and CEN) were selected

using spatial correlation against a set of previously defined maps

(Shirer et al., 2012). The DMN was identified as the spatial map

comprising superior frontal, anterior and middle cingulate gyrus, an-

gular gyrus, hippocampus and precuneus (Supplementary Table 4).

The SN was identified as the spatial maps comprising anterior cingu-

late, and the bilateral anterior insular (Supplementary Table 4). The left

CEN was identified as the left middle frontal gyrus, left inferior frontal

gyrus, left angular gyrus (Supplementary Table 4).

Structural imaging analysis

An optimized voxel-based morphometry was conducted for investiga-

tion of the brain atrophy contribution to the changes of functional

connectivity. Detailed processes are presented in the Supplementary

material.

Statistical analysis

Statistical analyses for demographic data were performed with the

Statistical Package for Social Sciences software (SPSS, version 12.0,

Chicago, IL). Assumptions for normality were tested for all continuous

variables. Normality was tested using the Kolmogorov–Smirnov test.

Two-sample independent t-tests were used to assess potential differ-

ences between the PiB + and PiB� groups for all continuous

demographic variables and standardized uptake value ratio values,

and Chi-square tests for categorical variables. The correlations be-

tween the standardized uptake value ratio values and the cognitive

function scores were calculated in the PiB + group using multiple re-

gression tests with age, gender and education controlled. The Holm-

Bonferroni method was used for correction for multiple comparisons

(Holm, 1979). All statistical analyses used a two-tailed � level of 0.05

for defining statistical significance.

The general linear model was used for measuring the group differ-

ences of the independent component analysis maps for each ICN. To

examine the relationships between amyloid-b deposition and func-

tional connectivity of the ICNs in the PiB + group, the global and

the regional standardized uptake value ratio values from the six re-

gions of interest used in the PiB analysis (the anterior cingulate cortex,

the frontal cortex, the lateral temporal cortex, the medial temporal

cortex, the parietal cortex and the precuneus cortex) were correlated

with the voxel-wise independent component analysis maps of the

DMN, the SN, the CEN functional connectivity using the general

linear model. In addition, the general linear model with functional

connectivity as the main outcome variable and episodic memory

(CERAD Word List Recall) (Morris et al., 1989) scores and group as

independent variables were performed as well as their interaction (epi-

sodic memory � group). We controlled the effect of age, education

and gender from the all general linear model analysis used. The thresh-

old was set at P5 0.05 [false discovery rate (FDR)] to control for

multiple comparisons (Genovese et al., 2002).

To calculate the inter-network correlations, we computed the time-

course signals of the individual subject for each ICN, which were

entered in the partial correlation test between the ICNs with age,

education and gender effects controlled. The correlation coefficients

between each network were transformed to Z values to ensure the

normality of coefficient distribution. To examine the group differences

of the inter-ICN functional connectivity, one-way analysis of covari-

ance (ANCOVA) was used with age, gender and education controlled.

The relationship between amyloid-b deposition and the inter-ICN

functional connectivity was measured with general linear model

where age, education and gender effects were used as covariates.

The resulting P-values were Holm-Bonferroni corrected for multiple

comparisons.

Results

Baseline demographic and clinical data
Table 1 shows the baseline demographic data in the two subject

groups. All variables were normally distributed. There was no sig-

nificant difference in gender, age, and education between the

PiB + and the PiB� group. In addition, there were no significant

differences between the PiB + and PiB� groups on the neuropsy-

chological tests. The standardized uptake value ratio values of the

both groups were significantly different in six regions of interest

and global level (Fig. 1 and Supplementary Table 1) and the stan-

dardized uptake value ratio values were significantly correlated

with each region of interest (Supplementary Table 3). In addition,

there were no significant correlations between the standardized

uptake value ratio values and the cognitive functions

(Supplementary Table 9).

Group difference in functional
connectivity
Figure 2 shows the statistical map representing the DMN, the SN,

and the CEN determined across all subjects. The coordination

tables are shown in Supplementary Table 4.

Group independent component analysis shows signifi-

cantly increased functional connectivity in the DMN in the PiB +

group compared to the PiB� group in the anterior cin-

gulate cortex, precuneus cortex, and bilateral hippocampus

(Fig. 3A and Table 2, FDR corrected P50.05). In the salience

network, there were no significant differences between the PiB +

and the PiB� groups in the functional connectivities. The func-

tional connectivity in the left middle frontal gyrus was significantly

decreased within the CEN in the PiB + group compared to the

PiB� group (Fig. 3A and Table 2, FDR corrected P50.05).
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Pittsburgh compound B retention and
functional connectivities
Figure 3B and Table 2 show correlation analysis results between the

regional PiB retention and the functional connectivities within the

DMN in the PiB + group alone. In the DMN of the PiB + group,

the functional connectivity of the left angular gyrus and the posterior

cingulate demonstrated negative correlations with PiB retention in

the anterior cingulate cortex (FDR corrected P50.05). In the sali-

ence network, there was no significant correlation between PiB re-

tention and the functional connectivities in the PiB + group. In

addition, the functional connectivity of the left middle frontal gyrus

and the inferior parietal gyrus (within the CEN) showed significant

positive correlations with PiB retention in the anterior cingulate

cortex, which was not significant when the mean functional connect-

ivity of the angular gyrus and posterior cingulate (within the DMN)

were partialled out (FDR corrected P50.05).

Effect of amyloid-b on the relationships
between episodic memory and func-
tional connectivities
In the DMN, there was a significant group � episodic memory

interaction in the functional connectivities of (i) the left angular

gyrus and the posterior cingulate; and (ii) the right superior frontal

gyrus and the mid-cingulate cortex (Fig. 3C and Table 2, FDR

corrected P5 0.05). As the interaction between group and epi-

sodic memory was statistically significant, to determine the direc-

tion of the association between functional connectivity and

episodic memory, we performed separate general linear models

for each PiB group (functional connectivity as outcome and epi-

sodic memory as the independent variable) with age, gender and

education controlled. The episodic memory scores showed positive

correlation with the left angular gyrus and the precuneus cortex,

and negative correlations in the right superior frontal gyrus and

left mid-cingulate cortex (Fig. 3C, FDR corrected P50.05) in the

PiB + group. However, no significant correlations between the

episodic memory score and the functional connectivity were

observed in the PiB� group. In the SN and CEN, no significant

interactions or correlations were observed.

Inter-intrinsic connectivity network
functional connectivity and relationship
with PiB retention
Both groups showed the negative correlation between the DMN

functional connectivity and the CEN. As shown in Fig. 4C, the

time course of blood oxygen level-dependent signal showed the

Table 1 Demographic and clinical characteristics of study participants

PiB� group (n = 29) PiB+ group (n = 27) P-value

Age (years � SD) 75.3 � 6.4 76.3 � 5.8 NS

Education (years � SD) 14.8 � 2.4 14.3 � 2.4 NS

Gender (M:F) 9:20 10:17 NS

Ethnicity NS

Caucasian 24 21

African American 5 3

Asian 0 2

American Indian 0 1

Apo E gene [E4(�): E4( + )] 26:3 24:3 NS

GDS (SD) 3.1 � 3.1 2.8 � 2.6 NS

MMSE (SD) 28.6 � 1 3 28.4 � 1.5 NS

CEARD-WLRc (SD) 7.7 � 1.9 7.4 � 1.3 NS

Mem-WMS-R (SD) 11.3 � 2.1 9.3 � 2.4 NS

Rey (SD) 16.4 � 3.3 15.7 � 4.3 NS

Block_WAIS-R (SD) 13.8 � 3.4 14.1 � 4.8 NS

COFIG (SD) 19.5 � 2.0 19.3 � 2.1 NS

CF (SD) 20.4 � 6.2 19.4 � 4.8 NS

LF (SD) 16.0 � 5.4 15.7 � 4.8 NS

BNT (SD) 28.9 � 1.5 28.4 � 2.2 NS

TMT-A (SD) 28.7 � 12.1 28.3 � 9.2 NS

TMT-B (SD) 73.9 � 27.1 85.9 � 41.9 NS

DSST (SD) 53.2 � 11.5 50.9 � 11.9 NS

DSF (SD) 6.6 � 1.1 6.6 � 1.2 NS

DSB (SD) 5.3 � 1.2 5.0 � 1.1 NS

Stroop Test response time differences (ms � SD) 107.5 � 70.3 104.3 � 60.9 NS

Stroop Test no. of intrusions (SD) 2.0 � 1.5 2.1 � 1.4 NS

SD = standard deviation; NS = statistically not significant; GDS = Geriatric Depression Rating Scale; MMSE = Mini-Mental Status Examination; CERAD-WLRc = Word List

Recall test from the Consortium to Establish A Registry for Alzheimer’s Disease; Mem-WMS-R = Logical Memory Story A from the Wechsler Memory Scale—Revised;
Rey = Modified Rey Osterrieth Figure Recalls; Block_WAIS-R = Modified Block Design Subtest from the Wechsler Adult Intelligence Scale–Revised; COFIG = Copying of the
Rey Osterrieth Figure; CF = Categorical fluency test; LF = Letter fluency test; BNT = 30-item Boston Naming Test; TMT-A = Trail Making Test-A; TMT-B = Trail Making
Test-B; DSST = Digit Symbol Substitution Test; DSF = Digit Span Forward Test; DSB = Digit Span Backward Test.
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anti-correlation between the DMN and the CEN. However, the SN

showed no significant correlations between the DMN and the

CEN. There were no significant inter-ICN functional connectivity

differences between the PiB + and the PiB� groups (Fig. 4A,

Bonferroni corrected P50.05). In the PiB + group, inter-ICN

functional connectivity between the DMN and the CEN was posi-

tively correlated with the anterior cingulate cortex PiB level

(Fig. 4B) indicating the DMN-CEN anti-correlation strength was

negatively correlated with the anterior cingulate cortex PiB level.

However, no significant correlations with PiB levels were observed

in the other inter-ICN functional connectivities in the PiB + group.

Discussion
To the best of our knowledge, this is the first study to examine the

effect of amyloid burden on the three large scale ICNs (the DMN,

SN and CEN) in older adults with normal cognition. Furthermore,

we describe a distinctive pattern of associations between func-

tional connectivity, regional amyloid deposition and episodic

memory in PiB + individuals.

Functional connectivity differences
between the PiB + and PiB� groups
We found that the functional connectivities of (i) the DMN were

greater; (ii) the SN were not different; and (iii) the CEN were

lower in the PiB + group, compared to the PiB� group. These

results differed from previous studies that have found lower

DMN functional connectivities in Alzheimer’s disease, amnestic

MCI and cognitively normal subjects with amyloid burden

(Hedden et al., 2009; Sheline et al., 2010; Mormino et al.,

2011; Agosta et al., 2012). These discrepancies might be attrib-

utable to biphasic changes in functional connectivity across the

longitudinal process of amyloid-b deposition, and therefore may

not necessarily be contradictory (Ewers et al., 2011; Sperling et al.,

2011). In these regards, we modified the two previous models

proposed on the higher metabolic activity or functional connect-

ivity according to amyloid deposition in Alzheimer’s disease trajec-

tories (Cohen et al., 2009). One is the ‘acceleration’ hypothesis

suggesting that once amyloid-b deposition is initiated by inde-

pendent events, a milieu of higher functional connectivity hastens

this deposition, which eventually leads to the functional discon-

nection or metabolic deterioration in the subjects with amyloid

burden (Cohen et al., 2009; Johnson et al., 2014). During the

period, there might be possibilities of the toxic excitation of af-

fected neurons and compensatory higher functional connectivity

induced by the amyloid retention (Mormino et al., 2011).

Although not verified in humans in vivo, previous work in

animal models has shown that intermediate levels of amyloid-b
enhance synaptic activity presynaptically (Abramov et al., 2009),

whereas abnormally high levels of amyloid-b impair synaptic ac-

tivity by inducing post-synaptic depression (Palop and Mucke,

2010). In addition, a recent functional imaging study using FDG-

PET showed greater metabolic activity in the superior temporal

area and the medial thalamus in the PiB + group compared to

the PiB� group (Johnson et al., 2014). They proposed that this

higher metabolism in the PiB + group may represent an early

Figure 2 Spatial maps of the resting state ICN of interest identified by independent component analysis of all subjects. (A) The DMN; (B)

the SN; and (C) the CEN.
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event in the Alzheimer’s disease cascade in reaction to the pres-

ence of amyloid, in a process that eventually leads to metabolic

decline. The other one is the ‘brain reserve’ hypothesis insisting

that higher functional connectivity reflects a stable trait that im-

parts the capacity to withstand amyloid-b deposition and maintain

normal cognition (Cohen et al., 2009). By selecting for normal

cognition, we could have created a bias towards higher DMN

functional connectivity in our PiB + subjects that would not be

required in the PiB� subjects. As the present study was cross-

sectional and not suitable for explaining causality, prospective lon-

gitudinal studies would be needed to distinguish these possibilities.

Among the DMN areas showing aberrant functional connectiv-

ity, the PiB + group showed higher bilateral hippocampal func-

tional connectivity compared with the PiB� group. In contrast

to our results, Sheline et al. (2010) found that PiB + showed

lower hippocampal functional connectivity within the DMN.

They suggested that lower hippocampal functional connectivity

dysfunction in the DMN might be due to its extensive connection

with the posterior cingulate/precuneus cortex, and their approach

of posterior cingulate seed-based analysis would be particularly

sensitive to that. In the region of interest-to-region of interest

connectivity within the DMN (Supplementary material), we

found that the PiB + individuals have greater functional connect-

ivity between the hippocampus. In related work, Huijbers et al.

(2014), used task-based functional MRI. They found that in cog-

nitively unimpaired older adults, the presence of amyloid is asso-

ciated with decreased deactivations; and the effect was localized

to the entorhinal cortex. They suggest that the entorhinal cortex

may be the most important medial temporal lobe structure, as it is

more affected by amyloid-b retention due in part to their exten-

sive connection with the DMN in the cognitively normal older

adults (Huijbers et al., 2014). The entorhinal and hippocampal

functional connectivity changes in older adults are of particular

interest because they are directly linked to the episodic memory

functions which are pathognomonic signs of the Alzheimer’s dis-

ease (Huijbers et al., 2014). Besides the amyloid-b retention, tau

pathology has also been linked with these medial temporal

memory systems (Braak and Braak, 1991; Huijbers et al., 2014).

Hence, as the recent development of the tau PET in vivo imaging

(Villemagne and Okamura, 2014), future multimodal analyses of

Figure 3 Statistical maps of voxel-wise analysis results of independent component analysis. (A) Group differences between the PiB + and

PiB� group. (B) Correlation analysis between the PiB level and functional connectivity in the PiB + group. (C) Left: Regional DMN

functional connectivity showing significant interaction between the group and episodic memory performances. Right: Correlation analysis

between episodic memory performances and functional connectivity in the PiB + group. All P-values were FDR corrected for multiple

comparisons (P50.05). FC = functional connectivity; EM = episodic memory.
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functional connectivity, PiB and tau imaging could clarify the re-

lationship between the Alzheimer’s disease pathology and medial

temporal system functional changes.

In addition to the functional connectivity change in the DMN,

we also observed decreased functional connectivities of the CEN

and no significant change of the functional connectivity in the SN

in the PiB + group relative to the PiB� group. The DMN is known

to be involved in the retrieval of autobiographical episodic

memory as well as self-referential processing (Spreng et al.,

2009; Whitfield Gabrieli et al., 2011). The CEN is critical for

active maintenance and manipulation of information in working

memory, and for judgement and decision-making in the context

of goal-directed behaviour (Petrides, 2005; Muller and Knight,

2006; Koechlin and Summerfield, 2007). In addition, the SN is

known to be involved in cognitive control functions such as atten-

tion, working memory, and response selection, and also serves the

dynamic switching between the DMN and the CEN (Menon et al.,

2001; Menon and Uddin, 2010). During tasks that demand atten-

tion and mental control, the DMN is usually deactivated, but the

CEN and the SN are activated (Fox et al., 2005; Uddin et al.,

2009; Menon and Uddin, 2010). This reciprocal relationship be-

tween these ICNs has been supported by several studies that have

found negative correlations (anti-correlations) between the DMN

and the CEN or SN (Uddin et al., 2009; Menon and Uddin, 2010).

Agosta et al. (2012) found greater functional connectivities of the

CEN and lower functional connectivities of the DMN in

Alzheimer’s disease (Agosta et al., 2012). They also reported

lower functional connectivities in the DMN, but not in the CEN

and SN in subjects with amnestic MCI (Agosta et al., 2012).

Another resting state functional MRI study by Machulda et al.

(2011) revealed lower functional connectivities in the DMN and

relatively greater functional connectivities in the SN in cognitively

normal older adults who carry the ApoE4 allele. They suggested

that the greater frontal lobe functional connectivities (the CEN and

the SN) might be due to a compensatory mechanism associated

with DMN impairments (Machulda et al., 2011). Our results,

which show greater DMN functional connectivity and lower

CEN, which were reciprocally anti-correlated, differ from other

studies. This might be due to aberrant hyperactivity of the DMN

and its anti-correlation to the CEN (i.e. a compensatory process).

Table 2 Results from voxel-wise independent component analysis

Region L/R Cluster T score P-value* MNI (x, y, z)

Group differences

DEFAULT MODE NETWORK

PiB + 4 PiB�

Anterior cingulate L 22 3.13 0.031 �6 30 �3

Precuneus L 26 3.75 0.012 �6 57 28

Hippocampus L 16 3.75 0.012 �21 �3 �25

Hippocampus R 15 3.72 0.013 26 �3 �25

CENTRAL EXECUTIVE NETWORK

PiB + 5 PiB�

Middle frontal gyrus L 19 3.31 0.018 �49 35 17

Anterior cingulate PiB-FC correlations

DEFAULT MODE NETWORK Negative correlation

Angular gyrus L 55 4.75 50.001 �62 �54 24

Posterior cingulate L 50 4,42 50.001 �6 �50 20

CENTRAL EXECUTIVE NETWORK Positive correlation

Middle frontal gyrus L 17 3.68 0.014 �30 22 48

Inferior parietal gyrus L 26 3.77 0.011 �58 �58 28

EM-FC relationship

Group by EM interaction

DEFAULT MODE NETWORK

Precuneus L 16 3.75 0.012 �6 �64 51

Angular gyrus L 23 3.75 0.012 �35 �58 51

Middle cingulate gyrus L 16 3.77 0.011 �4 �10 41

Superior frontal gyrus R 14 3.77 0.011 18 35 57

EM-FC correlation in the PiB + group

DEFAULT MODE NETWORK

Positive correlation

Precunues L 37 3.77 0.011 �6 �71 47

Angular gyrus L 42 3.75 0.012 �42 �58 47

Negative correlation

Middle cingulate gyrus L 43 3.72 0.013 �3 �1 33

Superior frontal gyrus R 24 3.77 0.011 24 31 57

*FDR corrected P-values for the multiple comparisons.
EM = episodic memory; FC = functional connectivity; MNI = Montreal Neurological Institute coordinate.
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Relationships between the PiB retention
and functional connectivity
We observed a significant negative correlation between the re-

gional PiB retention in the anterior cingulate cortex and the func-

tional connectivity of the posterior DMN (posterior cingulate/

angular gyrus) in the PiB + group. In addition, we also found a

significant positive correlation between the anterior cingulate

cortex PiB retention and the left fronto-parietal functional con-

nectivity (within the CEN) in the PiB + group. These are consistent

with a previous study showing a negative correlation between the

global PiB retention and the posterior DMN functional connectivity

(Mormino et al., 2011). Moreover, this same study also reported

positive correlations between the frontal DMN functional connec-

tivities and global PiB retention (Mormino et al., 2011).

Interestingly, our results show that the regional PiB accumulation

in the anterior cingulate cortex was only significantly correlated

with the functional connectivities (posterior DMN and fronto-par-

ietal CEN) in the PiB + group. As seen in the Fig. 1, the PiB +

group showed the weighted retention of the PiB in the anterior

cingulate cortex, compared with the other brain areas. This

weighted anterior cingulate cortex PiB retention was also observed

in the validation study of our quantitative classification method of

the PiB positivity (sparse k-means clustering method) in the

cognitively normal older adults (Cohen et al., 2013), which was

in accordance with pathological Braak stage I indicating earlier

amyloid deposition in the brain (Braak and Braak, 1991). In

these regards, as compared to retention in the other areas, the

weighted retention of amyloid in the anterior cingulate cortex

might cause a significant effect on the functional connectivities

in the PiB + group. In addition, the ‘distant’ correlation pattern

was in-line with our previous study using FDG-PET in the

Alzheimer’s disease group (Cohen et al., 2009). Although these

results do not clarify the precise underlying neurobiological mech-

anisms, they do suggest that the ‘distant’ correlation pattern be-

tween the frontal PiB level and the posterior cingulate metabolism

might be attributable to the closely inter-correlated PiB retention

throughout the brain in the Alzheimer’s disease group. In this

light, our result of ‘distant’ correlations should be interpreted cau-

tiously because highly interrelated covariance of regional PiB levels

(Supplementary Table 3) could generate apparent ‘distant’ correl-

ations even when none exist. Overall, the negative correlation of

lower functional connectivity with higher PiB retention, together

with the observation of greater functional connectivity in the

DMN of PiB + subjects, does not distinguish between the com-

pensation and high-reserve explanations presented above but

prove the downstream effect of amyloid-b deposition on func-

tional connectivity (Mormino et al., 2011). It could be that early

Figure 4 (A) Group analysis results of the inter-ICN functional connectivity indicating no significant inter-ICN functional connectivity

differences between the PiB + and the PiB�groups. (B) Association between the inter-ICN functional connectivity and the anterior

cingulate cortex standardized uptake value ratio in the PiB + group indicating significant positive correlations between the anterior

cingulate cortex standardized uptake value ratio and the DMN-CEN inter-ICN functional connectivity (r = 0.52, Holm-Bonferroni cor-

rected P50.05) in the PiB + group. (C) Single subject blood oxygen level-dependent time series for the DMN (blue) and the CEN (green).

Note anti-correlations between the DMN and the CEN as evidenced by significant correlation coefficient (r = �0.41 Holm-Bonferroni

corrected P50.05). FC = functional connectivity; ACC = anterior cingulate cortex; BOLD = blood oxygen level-dependent; NS = not

significant; SUVR = standardized uptake value ratio.
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compensatory increases fail with increased amyloid-b deposition or

that baseline high functional connectivity (reserve) diminishes as

amyloid-b load increases (downstream effect) (Mormino et al.,

2011).

In this study, we also investigated the inter-ICN functional con-

nectivity, which showed no significant group differences. In add-

ition, we observed that anti-correlation strength between the

DMN and the CEN was negatively correlated with anterior cingu-

late cortex PiB level in the PiB + group. A previous study found

that the DMN-CEN anti-correlation diminished according to the

disease staging (normal, amnestic MCI and Alzheimer’s disease)

(Brier et al., 2012). Other previous work has shown that the DMN

and the CEN functional connectivities were negatively correlated

with PiB level in the amnestic MCI group, but not in the control

group (Myers et al., 2014). They proposed a graded network de-

generation hypothesis that amyloid-b pathology deposition and

connectivity-based spread will start in the DMN, followed in

close succession by a number of other heteromodal networks,

leading to a cross-network functional connectivity gradient accord-

ing to Alzheimer’s disease progression (Myers et al., 2014). Our

results expand previous studies to cognitively normal older adults

by suggesting that the amyloid burden may be related to loss of

the DMN-CEN anti-correlation, which may play an important role

in maintaining normal cognition. However, further longitudinal

analysis will be needed to confirm the effect of the amyloid on

DMN-CEN anti-correlation according to Alzheimer’s disease

cascade.

Effect of amyloid-b on the relationships
between episodic memory and
functional connectivities
In the present study we also compared the effect of amyloid-b on

the relationships between episodic memory and functional connec-

tivities of three ICNs. We found significant group � episodic

memory interactions in the posterior and frontal DMN functional

connectivity. Furthermore, the PiB + group showed a positive cor-

relation between functional connectivity and episodic memory in

the posterior DMN, and negative correlations in the frontal DMN,

which may be interpreted in two ways: (i) poorer episodic memory

associated with higher functional connectivity in frontal DMN and

lower functional connectivity in posterior DMN; and (ii) better

episodic memory associated with higher functional connectivity

in posterior DMN and lower functional connectivity in the frontal

DMN in the PiB + group. The former interpretation was in-line

with the previous functional studies in cognitively normal older

adults (Mormino et al., 2011) and subjects with amnestic MCI

(Dunn et al., 2014), reflecting a downstream effect of the amyloid

retention in the posterior DMN and compensation of the frontal

DMN brain (Mormino et al., 2011). In addition, this interpretation

could be supported by our findings that the DMN functional con-

nectivity-episodic memory correlation patterns were similar to the

DMN functional connectivity-PiB level correlation patterns.

However, as there was only a negative trend between the PiB

level and episodic memory (Supplementary Table 9), we should

interpret these relationships cautiously. In terms of the latter

interpretation, as discussed above, this relationship could represent

a stable trait, reflecting brain reserve with efficient cognitive pro-

cessing (Cohen et al., 2009). This was supported by several func-

tional MRI studies showing that the posterior DMN was activated

during episodic memory retrieval and the frontal DMN was

strongly deactivated in younger cognitively normal adults

(Buckner et al., 2008; Sestieri et al., 2011). Overall, our results

show dissociation between the frontal and posterior DMN in re-

lation to episodic memory, which is in-line with previous studies.

However, the precise neurobiological mechanisms underlying the

dissociation between the frontal and posterior DMN are still not

clear. Future longitudinal analyses are needed to confirm the effect

of amyloid on functional connectivity and cognitive decline.

Limitations and future perspectives
The limitations of our study include the following. First, as this

study was cross-sectional, we can only report correlations, and

have limited ability to infer causal pathways. Further longitudinal

analysis on the trajectories of Alzheimer’s disease and normal

ageing will be needed to clarify the causal effect of amyloid-b
on the ICNs. Second, although the number of the subjects with

the ApoE4 allele was low, there might be an effect of the ApoE4

allele on the functional connectivity of ICNs in the cognitively

normal subjects as several previous studies indicated (Filippini

et al., 2009; Machulda et al., 2011). Hence, exploring the inter-

action between the APOE gene, functional connectivities and PiB

retention would be needed for an integrative model of neurobio-

logical mechanisms of the normal ageing process. Third, as we

recruited ICNs of interest that were most similar to the previously

identified networks template, we could not observe other net-

works of interest, such as the right-side CEN. Last, we could not

investigate the spatial correlation between amyloid burden and

functional connectivity within the network boundaries. As indi-

cated in the previous study in the subjects with amnestic MCI

(Myers et al., 2014), these distinctive correlations within the

boundary of network would be helpful to identify the more

sophisticated neurobiological process of amyloid burden on func-

tional connectivity in cognitively normal older adults.

In conclusion, we have shown altered functional connectivities

of the three large functional ICNs and a distinctive pattern of

correlations with episodic memory and regional PiB retention in

cognitively normal older adults with amyloid burden. As recent

clinical trials of disease-modifying agents in Alzheimer’s disease

have failed, the focus in Alzheimer’s disease drug development

is shifting from treatment to prevention (Vellas et al., 2011).

Hence, the newer strategies will examine the potential neuropro-

tective activity of these drugs in the preclinical stage of

Alzheimer’s disease, with the help of biomarkers that predict dis-

ease progression before development of overt dementia

(Salomone et al., 2012). If our results of aberrant DMN hyper-

activity/hyper-connectivity in the PiB + group reflect a very early,

reversible functional change in the longitudinal course of

Alzheimer’s disease progression, these changes in functional con-

nectivity in large ICNs could be a critical measure of therapeutic

intervention. However, large and longitudinal prospective studies

will be necessary to test this hypothesis
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