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ABSTRACT

Objective: To investigate age-related default mode network (DMN) connectivity in a large cogni-

tively normal elderly cohort and in patients with Alzheimer disease (AD) compared with age-,

gender-, and education-matched controls.

Methods: We analyzed task-free–fMRI data with both independent component analysis and seed-

based analysis to identify anterior and posterior DMNs. We investigated age-related changes in

connectivity in a sample of 341 cognitively normal subjects. We then compared 28 patients with

AD with 56 cognitively normal noncarriers of the APOE �4 allele matched for age, education, and

gender.

Results: The anterior DMN shows age-associated increases and decreases in fontal lobe connec-

tivity, whereas the posterior DMN shows mainly age-associated declines in connectivity through-

out. Relative to matched cognitively normal controls, subjects with AD display an accelerated

pattern of the age-associated changes described above, except that the declines in frontal lobe

connectivity did not reach statistical significance. These changes survive atrophy correction and

are correlated with cognitive performance.

Conclusions: The results of this study indicate that the DMN abnormalities observed in patients

with AD represent an accelerated aging pattern of connectivity compared with matched controls.
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GLOSSARY

AD � Alzheimer disease; aDMN � anterior default mode network; ADRC � Mayo Clinic Alzheimer Disease’s Research Center;
CN � cognitively normal; DMN � default mode network; ICA � independent component analysis; ITN � intrinsic connectivity
network; MCSA � Mayo Clinic Study of Aging; PCC � posterior cingulate cortex; pDNM � posterior default mode network;
ROI � region of interest; STMS � Short Test of Mental Status; TF � task-free.

Old age is the greatest risk factor for development of Alzheimer disease (AD).1 Networks of

functional connectivity have been identified using task-free (TF)–fMRI and termed intrinsic

connectivity networks (ICNs).2 ICNs demonstrate specific changes related to neurodegenera-

tive illnesses3 and advancing age.4–7 Whether age-related changes in ICNs are similar to the AD

changes in ICNs is unknown.

The nature of ICN abnormalities in AD is an active area of investigation focused on the

default mode network (DMN), which has connectivity patterns that distinguish healthy aging

from AD in task-specific8 and TF-fMRI models.9

The aging DMN is characterized by a breakdown of connectivity within its posterior por-

tions and by loss of connectivity between anterior and posterior subnetworks.5–7 The anterior-

to-posterior disconnection is accompanied by global declines in posterior DMN (pDMN) and

enhancement of the anterior DMN (aDMN).7 This leads to reciprocal age-related changes in

the pDMN and aDMN.

Given that the disruption of limbic circuitry impairs DMN connectivity10 and the relationship

between age and limbic tangle pathology,11 we hypothesized that age-related changes in the DMN
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will be similar to those seen in AD. To test this

hypothesis we performed 2 parallel analyses,

which were then compared. We first established

a pattern of age-related changes in pDMN and

aDMN connectivity in 341 cognitively normal

(CN) elderly subjects. We then examined differ-

ences in the pDMN and the aDMN between

56 CN noncarriers of the APOE �4 allele

matched on age, gender, and education to 28

subjects with AD.

METHODS Participants. CN subjects enrolled in either

the Mayo Clinic Alzheimer’s Disease Research Center (ADRC)

or the Mayo Clinic Study of Aging (MCSA), a prospective,

population-based study of randomly selected residents of Olm-

stead County, Minnesota, who had undergone TF-fMRI were

included in the age cohort (n � 341).

CN individuals enrolled either in the ADRC or the MCSA

(n � 56) with genotyping data and TF-fMRI available at the

time of this study and were noncarriers of the APOE �4 allele

were randomly selected to be age-, education-, and gender-

matched 2:1 to the AD group (table 1).

The details of MCSA subject recruitment and design are

included in a previous report.12 In summary, subjects were diag-

nosed as CN after in-person evaluations were performed by nurses,

physicians, and neuropsychologists, during which they gathered risk

factor assessments including structured neurologic examinations

with mental status screening and routine neuropsychological evalu-

ation.12 A final diagnosis for each subject is made during a weekly

consensus conference involving all study faculty.

All subjects with AD (n � 28) met the National Institute of

Neurological Disorders and Stroke and the Alzheimer Disease’s

and Related Disorders Association criteria and were participants

in the ADRC or MCSA.

Standard protocol approvals, registrations, and patient

consents. All participants provided written informed consent

for participation. The Mayo Clinic institutional review board

approved the study and the consenting processes.

TF-MRI data acquisition and preprocessing. TF-fMRI

scans were acquired using a General Electric 3-T Signa HDx

scanner (8-channel head coil, gradient echo planar imaging, rep-

etition time � 3,000 msec, echo time � 30 msec, 90° flip angle,

slice thickness 3.3 without gap, slices covering the entire brain,

and 103 volumes). Subjects were instructed to keep their eyes

open during scanning. All TF-fMRI sequences with greater than

3 mm of translational movement or 3° of rotational movement

were excluded from analysis. Twelve subjects from the aging co-

hort were excluded from analysis based on movement parame-

ters. No subjects from the AD group or their 56 matched

controls were excluded based on movement parameters.

Preprocessing and data analysis was performed using a com-

bination of the statistical parametric mapping (SPM5) software

(Wellcome Department of Cognitive Neurology, University

College London, London, UK), the resting-state fMRI data

analysis toolkit (www.restfMRI.net),13 group ICA of fMRI tool-

box software,14 and in-house–developed software implemented

in MATLAB (Mathworks Inc., Natick, MA).

Preprocessing steps included discarding of the first 3 vol-

umes, slice time correction, realignment, normalization to SPM5

echo planar imaging template, smoothing with 4-mm full-width

at half-maximum Gaussian kernel, linear detrending, and 0.01–

0.08 Hz bandpass filtering. In addition, regression correction for

spurious variables included rigid body transformation motion

effects, global mean signal, white matter signal, and CSF sig-

nal.11,15,16 Removal of global signal by regression improves the

specificity of connectivity analysis,15 and, when directly mea-

sured physiologic cardiac and respiratory inputs are not avail-

able,17 it is an attractive method for reducing spurious direct

correlations. This is necessary because gray matter has significantly

greater capillary density than white matter,18 and this variability is

not accounted for by CSF and white matter regression alone.15

These preprocessed images were used for both independent compo-

nent analysis (ICA) and seed-based connectivity analysis.

The structural MRI sequence was a 3-dimensional magnetization-

prepared rapid acquisition gradient echo imaging sequence devel-

oped for the Alzheimer Disease’s Neuroimaging Initiative study.19

ICA of the age effect in the CN cohort. The ICNs were

first identified using group ICA of fMRI toolbox14 with a low-

dimensional estimation of 20 independent components.20 The

group ICA analysis was run 100 times using the ICASSO func-

tion to ensure stability of the 20 estimated components. The

DMN was identified by visual inspection of the group indepen-

dent components for further analysis. Two components were

identified, one displaying posterior-dominant DMN connec-

tions (i.e., the pDMN) and the other displaying anterior-

dominant DMN connections (i.e., the aDMN). The individual

subject ICNs were derived using the spatial and temporal dual

regression method. Each subject’s age was used as a covariate in

an SPM linear regression analysis (figure 1) with cluster level

correction (p � 0.05) to highlight network level dynamics (the

SPM-compatible code for cluster level correction is available at

http://www2.warwick.ac.uk/fac/sci/statistics/staff/academic-

research/nichols/scripts/spm/johnsgems5/CorrClusTh.m).

ICA of AD vs matched control groups. The same ICA

procedure outlined above was used to identify the aDMN and

pDMN in the AD and matched CN groups. A 2-sample t test

with cluster-level correction was used to compare aDMN and

pDMN components between AD and CN groups (p � 0.05).

To limit results to within-network changes in connectivity, an

inclusive mask of the spatial extent of the CN group DMN un-

der investigation was applied (figure 2).

Conjunction analysis. A conjunction analysis was performed

to test the global null hypothesis to identify voxels that displayed

Table 1 Demographics, STMS, and APOE statusa

CN �4�

(n � 56)
AD
(n � 28) p Value

Age cohort
(n � 341)

Women, n (%) 21 (38) 10 (36) 0.87 141 (41)

APOE �4 carrier, n (%) 0 19 (68) �0.001 70 (23)b

Age, y, median (minimum, maximum) 79 (64, 91) 78 (62, 92) 0.52 82 (60, 94)

Education, y median (minimum, maximum) 14 (8, 20) 16 (8, 20) 0.36 13 (7, 20)

STMS score, median (minimum, maximum) 36 (30, 38) 25 (15, 34) �0.001 35 (27, 38)

Abbreviations: AD � Alzheimer disease; CN � cognitively normal; STMS � Short Test of

Mental Status.
a CN �4� subjects were matched 2:1 to the subjects with AD on gender, age, and education.

p Values for the pairwise comparison of the CN �4� and AD groups are reported. Demograph-

ics for the large cohort used in the age analysis (Age cohort) are listed in the final column (at the

time of this study, genotyping data were not available for every member of this cohort).
b APOE genotype information missing for 42 (13%).
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similar behavior in the age regression (n � 341) and the

2-sample t test between AD (n � 28) and matched CN (n � 56)

groups. This was performed on the back-reconstructed individ-

ual components for the pDMN and aDMN. Results were con-

sidered significant at a corrected cluster-level p � 0.05, with an

inclusive mask. All permutations for the conjunction analyses

were performed (figure 3).

Seed-based voxel-wise connectivity analysis of AD vs

matched control groups. The ICA analysis was used to

select the seed regions of interest for the voxel-wise connectiv-

ity analysis. The most significant difference between AD and

CN groups in the pDMN was located in the precuneus

(Montreal Neurologic Institute coordinate �6, �63, 27).

The most significant difference between the AD and CN

groups in the aDMN was located in the medial prefrontal

cortex (Montreal Neurologic Institute coordinate 12, 51, 36).

At each of these locations, we placed a 6-mm seed region of

interest (ROI). The average blood oxygen level– dependent

signal time course within each ROI was correlated to every

voxel in the brain for each subject using Pearson correlation

coefficients. The correlation coefficients were then converted

to z scores using the Fisher r-to-z transformation. A 1-sample

t test (false discovery rate p � 0.05) was used to display the

voxel-wise connectivity maps for each of the 2 seeds corre-

sponding to the anterior and posterior DMN group maps

(figure 4). A 2-sample t test was used to compare group differ-

ences in voxel-wise connectivity maps thresholded with

cluster-level correction for both the aDMN and pDMN ( p �

0.05) with an inclusive mask (figure 4). This 2-sample t test

was then repeated while controlling for connectivity variance

accounted for by differences in gray matter density on a

voxel-wise basis by entering each subject’s gray matter proba-

bility maps as a covariate using the Biological Parametric

Mapping toolbox.21

Correlation with Short Test of Mental Status in AD

matched control groups. To investigate the relationship of

the voxel-wise connectivity of both the anterior and posterior

seeds to cognitive function, we used Short Test of Mental Status

(STMS) scores22 for every subject as a covariate in a linear regres-

sion analysis for each group. The result is reported using a cor-

rected cluster level (p � 0.05) with an inclusive mask.

RESULTS Participants. The 341 (41.3% women)

CN subjects included in the age analysis ranged in

age from 60 to 94 years (median: 82 years).

A 2-sided Wilcoxon’s rank-sum test was used for

the continuous variables, and a �2 test was used for

differences in proportions of gender and APOE �4

carrier status. The 56 CN noncarriers of the APOE

�4 allele did not differ significantly in age, gender, or

education from the 28 subjects with AD (table 1). As

expected, these 2 groups differed in APOE �4 allele

carrier status STMS scores (p � 0.001).

ICA of the age effect in the CN cohort. Low-dimensional

ICA reveals anterior- and posterior-dominant DMN

components. The effect of age on the connectivity of

the pDMN in the 341 CN subjects shows decreases

in connectivity in the posterior cingulate cortex

(PCC), precuneus, left inferior parietal lobule, and

medial prefrontal cortex and increased connectivity

Figure 1 Age effect

The age effect on the independent component analysis of the posterior (left) and anterior (right) default mode networks

(DMNs) in a large cohort of cognitively normal elderly controls. Regions displaying greater connectivity with advancing age

are in red, and regions displaying less connectivity with advancing age are in blue (corrected cluster-level p � 0.05).
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in the left temporoparietal region, whereas the

aDMN displays a combination of increased and de-

creased connectivity in the frontal lobe with advanc-

ing aging. There is also an increase in aDMN

connectivity in the retrosplenial PCC with advancing

age (figure 1).

ICA of AD vs matched control groups. The group

comparison between CN and AD groups reveals a

pattern similar to that observed for the age effect

(with AD appearing more advanced in age). For the

pDMN, the CN subjects display greater connectivity

than the subjects with AD in the PCC, precuneus,

and left inferior parietal lobule. The AD group does

not display any regions of increased connectivity

within the pDMN. The same analysis of the aDMN

reveals a contrasting pattern. The CN subjects again

display a small region of increased connectivity pos-

teriorly, but the subjects with AD display greater

connectivity throughout the frontal lobe (figure 2).

Conjunction analysis. The only significant conjunc-

tion analyses were between the decreases in connec-

tivity with advancing age and relative decreases in

AD within the pDMN and between increases in con-

nectivity with advancing age and relative increases in

AD within the aDMN (figure 3 and table e-1 on the

Neurology® Web site at www.neurology.org). The

declines in aDMN connectivity with advancing age

were also found in the conjunction analysis with

AD � CN, but these did not reach significance.

Seed-based voxel-wise connectivity analysis of AD vs

matched control groups. The same analysis on the

AD and CN-matched cohorts using seed-based ROI

techniques reveals the same pattern as described for

the ICA analysis, except the posterior changes in the

temporoparietal regions are more left lateralized with

an additional involvement of the medial temporal

lobe. After assessment for variance related to gray

matter density (i.e., atrophy correction), the group

differences in the pDMN and aDMN remain signif-

icant, including those in the medial temporal regions

(figure e-1). However, when variance related to gray

matter density is accounted for, the statistical power

Figure 2 Alzheimer disease (AD) vs cognitively normal (CN) using independent component analysis

Independent component analysis of posterior (left) and anterior (right) default mode networks (DMNs) in subjects with AD and

matched controls. The spatial extent of the anterior DMN and posterior DMN is displayed in the top row (cyan) using a rendering

of a 1-sample t test for the entire group (false discovery rate–corrected p � 0.05). Regions displaying greater connectivity in the

AD group are in red, and regions displaying less connectivity in AD are in blue (corrected cluster-level p � 0.05).
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is increased. In addition, atrophy-corrected pDMN

connectivity revealed AD increases in connectivity in

the posterior cingulate gyrus relative to those in the

CN cohort, which was not observed before atrophy

correction.

Correlation with STMS in AD and matched control

groups. See appendix e-1 and figure e-2 for results.

DISCUSSION In this study of DMN connectivity,

we observed an effect of age in a cohort of CN elderly

subjects and found that it differs between the aDMN

and the pDMN. This is characterized by 3 main ef-

fects: 1) the aDMN and pDMN disconnect from

each other with advancing age; 2) the pDMN de-

clines in within-network connectivity; and 3) the

aDMN has both declines and increases in within-

network connectivity. We also investigated the dif-

ferences in connectivity between a CN cohort

matched by age, gender, and education to 28 patients

with AD. We found that patients with AD display

differences in the aDMN and pDMN connectivity

that resemble the age-associated changes in connec-

Figure 3 Conjunction analysis

Conjunction analysis between the age cohort regression and the 2-sample t test between the subjects with Alzheimer

disease (AD) and matched controls using the independent components for the posterior (A) and anterior (B) default mode

networks (DMNs). The result for the voxels that showed both age-related decreases in posterior DMN connectivity and

decreases in AD are shown in blue (A). The result for the voxels that showed both age-related increases in anterior DMN

connectivity and increased connectivity in the AD group are shown in red (B). Results are displayed on a standard template

using MRIcro with the color bar coding the t score (cluster-corrected p � 0.05).
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tivity described above. Age-associated connectivity

declines in the pDMN are greater in the AD group,

whereas the aDMN age-associated connectivity

changes in the frontal lobe lose specificity in the AD

group, which displayed diffuse frontal lobe increases

in connectivity and no decrease. We speculate that

this loss of specificity in age-associated frontal lobe

changes may be the consequence of prolonged synap-

tic inefficiency in the brains of individuals more sus-

ceptible to developing AD.

Recent work demonstrates that the DMN in

older cohorts, such as the one we studied here, has

network properties distinct from those in young pop-

ulations.4–7 The anterior and posterior portions of

the DMN develop greater independence from each

other in their respective signal time courses with ad-

vancing age, and this phenomenon results in recipro-

cal DMN changes in anterior and posterior

networks.7 Within-network connectivity declines in

the pDMN, whereas the aDMN develops a more

independent signal time course from posterior re-

gions and strengthens in within-network connectiv-

ity with advancing age in regions of the frontal lobe.

If, indeed, resting functional connectivity changes

are affected by learning via changes in synaptic plas-

ticity, as has been recently suggested,23 then age-

associated changes in frontal connectivity may be

secondary to accumulated plastic changes over a life-

time. This would indicate that age-related synaptic

inefficiency over a lifetime can be measured in con-

nectivity studies.

The age effect on the aDMN and pDMN leads

to difficulty in selecting the true DMN in older

cohorts based on properties of ICN from younger

cohorts, which may explain varying reports of

ICN abnormalities in AD.8,9,24 –27 If only the

pDMN is analyzed (by ICA component selection

or posterior seed placement), then the increased

frontal lobe connectivity in AD may not be ob-

served. We analyzed both the aDMN and pDMN

using a rigorously matched cohort of CN noncar-

riers of the APOE �4 allele and demonstrated con-

nectivity differences using 2 techniques (ICA and

seed-based). This result supports the claim that

there are differential effects in the pDMN and the

aDMN, which are technique-independent.

Figure 4 Alzheimer disease (AD) vs cognitively normal (CN) using seeds

Seed-based analysis of posterior (left) and anterior (right) default mode networks (DMNs) in subjects with AD and matched

controls. The spatial extent of the anterior DMN and posterior DMN is displayed in the top row (cyan) using a rendering of a

1-sample t test for the entire group (false discovery rate–corrected p � 0.05). The seed location and size are approximated

in the top row inset (pink circle). Regions displaying greater connectivity in the AD group are in red, and regions displaying

less connectivity in AD are in blue (corrected cluster-level p � 0.05).
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We do not have measures, such as brain amyloid

imaging, of occult AD pathology in our large age

cohort, and, therefore, we cannot be certain that the

observed age effect on the aDMN and pDMN is not

a result of increasing occult AD pathology with ad-

vancing age. However, it has been demonstrated that

anterior to posterior disconnection occurs indepen-

dent of amyloid binding measured via Pittsburgh

Compound B.6 Another recent study also demon-

strated similar connectivity changes related to APOE

�4 carrier status in Pittsburgh Compound B–nega-

tive subjects with normal levels of CSF A�42.28 In

addition, a recent cross-sectional study of aging in a

cohort ranging in age from 20s to90s7 demonstrated

that age-associated changes in connectivity appear to

accumulate gradually from year to year rather than

only in later life when occult AD pathology should

begin to be prevalent. Results from these studies ar-

gue that subjects at risk for developing AD are more

vulnerable to the processes that affect connectivity

during normal aging decades before amyloid pathol-

ogy is present. This line of reasoning is supported by

recent studies showing connectivity abnormalities

early in life related to APOE �4 allele carrier status.29

In our study, the difference in connectivity be-

tween the AD and matched CN groups could not be

accounted for by differences in gray matter density,

which is consistent with previous reports.30 This sup-

ports the view that connectivity abnormalities are not

simply a consequence of atrophy. Future work will

need to be focused on connectivity and atrophy rela-

tionships extending from prodromal states to ad-

vanced AD. This will be an important step in

integrating TF-fMRI in the biomarker armamentar-

ium. In this regard, seed-based analysis guided by

ICA shows promise for making reliable assessments

of ICN on an individual subject level. Seed-based

analysis (guided by ICA) is not constrained by

group properties and reveals medial temporal lobe

abnormalities not identified using ICA only (fig-

ure 4, figure e-1).

In addition, this study demonstrates that connec-

tivity changes are related to cognitive performance in

both the CN and AD groups. We found greater con-

nectivity in the posterior node (a younger pattern of

connectivity) in subjects with better performance on

the STMS (figure e-2). However, greater connectiv-

ity between the anterior node and the frontal lobe

(an older and AD pattern of connectivity) was found

in subjects with poorer performance on the STMS in

both groups. It is not certain whether the poorer per-

formance associated with greater frontal lobe connec-

tivity is a compensatory response to pathology or

whether it represents a more proximate event leading

to cognitive dysfunction. However, the fact that it is

associated with poorer performance in the CN group

and is associated with increasing age beginning well

before cognitive dysfunction would support the lat-

ter. The role of the DMN in cognition is thought to

relate to internally directed mental phenomena not

immediately related to the external environment,31

whereas task-positive network regions are more re-

lated to processes that involve ongoing interactions

with the external environment or bodily milieu.2 Ef-

ficiently moving between these theorized brain states

would be important for performing a variety of tasks

throughout different cognitive domains surveyed in

the STMS. This line of reasoning is consistent with

our observation that DMN connectivity patterns are

associated with cognitive performance. It should be

noted that this study was limited only to changes in

the DMN, and future work is needed to investigate

whether these findings are specific for the DMN

or extend to other ICNs including the task-

positive network.

The results of this study support our hypothesis

that the DMN abnormalities observed in AD repre-

sent an accelerated aging pattern of connectivity

compared with that in matched controls. In addi-

tion, we have demonstrated that this same pattern is

associated with cognitive performance for both sub-

jects with AD and CN subjects.
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