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ABSTRACT

Regional functional connectivity (FC) of 39 patients with Alzheimer’s disease (AD), 23 
patients with mild cognitive impairment (MCI) and 43 healthy elderly controls was 
studied using resting-state functional MRI (rs-fMRI). After a mean follow-up of 2.8±1.9 
years, seven MCI patients converted to AD, while 14 patients remained cognitively 
stable. Rs-fMRI scans were analyzed using independent component analysis (ICA), 
followed by a “dual-regression” technique to create and compare subject-specific maps 
of each independent spatio-temporal component, correcting for age, sex and gray matter 
atrophy. AD patients displayed lower FC within the default-mode network (DMN) in 
the precuneus and posterior cingulate cortex compared to controls, independent of 
cortical atrophy. Regional FC values of MCI patients were numerically in between AD 
patients and controls, but only the difference between AD and stable MCI patients was 
statistically significant. Correlation with cognitive dysfunction demonstrated the clinical 
relevance of FC changes within the DMN. In conclusion, clinically relevant decreased FC 
within the DMN was observed in AD. 
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder. The hallmark 
of AD on magnetic resonance imaging (MRI) is atrophy, mainly located in the medial 
temporal and parietal cortices.1 With the prospect of disease-modifying therapies it is 
desirable to detect signs of neurodegeneration at an early stage of the disease, before 
neuronal cell destruction is detectable on MRI as atrophy. 

Molecular markers, e.g. amyloid binding positron emission tomography (PET) tracer 
uptake and abnormally reduced cerebrospinal fluid (CSF) amyloid-b42, show the earliest 
detectable changes in the course of AD. However, amyloid plaque deposition occurs prior 
to cognitive decline and reaches a plateau in a very early stage of the clinical disease.2, 3 In 
the absence of structural damage reflected by volume loss on MRI, functional markers, 
such as glucose metabolism representing 18F-fluorodeoxyglucose (FDG) PET, are more 
suitable to monitor disease progression since functional changes are present in an early 
stage of the disease and continue to change as the disease progresses.

Resting-state functional MRI (rs-fMRI) is an imaging method that reflects synaptic 
activity through changes in blood flow and the oxyhemoglobin / deoxyhemoglobin 
ratio.4 In contrast to FDG-PET, it is a non-invasive technique that is widely available. By 
measuring functional connectivity (FC) between spatially distinct brain regions rs-fMRI 
can be used to evaluate brain function.5, 6 Several networks encompassing brain regions 
that display FC during resting state, so-called resting state networks (RSNs), have been 
described previously.7-9 One network is referred to as the “default mode network” (DMN) 
and consists of the precuneus and posterior cingulate (PCC), anterior cingulate cortex 
(ACC), medial prefrontal cortex (MPFC), hippocampus and thalamus. The network is 
active during episodical and autobiographical memory retrieval but shows a decreased 
activity during the performance of cognitive tasks that demand attention to external 
stimuli.10-12 Interestingly, structures that are particularly vulnerable for early amyloid 
deposition in AD appear to overlap with the heteromodal cortices of the DMN.13

Previous rs-fMRI studies have shown a disruption in FC between structures that are 
part of the DMN at an early stage of AD and mild cognitive impairment (MCI).11, 14-18 
Many studies used a seed-based approach to analyze functional MRI data. This method 
requires an a priori definition of regions of interest (“seed regions”) making it very 
suitable for specific hypotheses about a particular brain structure. However, exploring 
FC differences within a specific RSN requires different analysis methods. 

In this study we used the “dual-regression” analysis technique 19 that has previously 
been applied successfully in different neurological conditions other than AD.20, 21 Unlike 
other back-reconstruction techniques, the dual-regression technique takes both spatial 
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and temporal information of the RSN into account to create subject-specific temporo-
spatial maps. We used these subject-specific spatial maps to investigate the differences 
in FC within the RSNs, mainly focusing on the DMN, in a voxel-wise fashion between 
AD patients, MCI patients and healthy elderly controls. Secondly, we investigated 
if conversion to AD at follow-up was related to lower FC in MCI patients at baseline. 
Finally, we studied whether FC values within these regions of lower FC correlated with 
cognitive decline in AD.

METhODS

Subjects

105 subjects were included in this study: 39 patients with AD, 23 patients with MCI and 
43 controls. The data set was formed by combining two data sets of fMRI data that were 
scanned using the same protocol.22, 23 Patients were recruited from the Alzheimer Center 
of the VU University Medical Center, Amsterdam, the Netherlands. All patients received 
a standard dementia screening that included medical history, physical and neurological 
examinations and screening laboratory tests, and extensive neuropsychological testing 
and brain MRI. Clinical diagnosis was established by a multidisciplinary team. AD 
patients met the NINCDS-ADRDA criteria for “probable AD” 24 and had Mini Mental 
State Examination (MMSE) scores ≥17 (17-27). MCI patients met the Petersen criteria 
based on subjective and objective cognitive impairment, predominantly affecting 
memory, in the absence of dementia or significant functional loss,25 and had a clinical 
dementia rating (CDR) score of 0.5.26 Controls consisted of family members of patients 
and volunteers recruited through advertisements posted in the Alzheimer Center and 
activity centers for the elderly in the community. The Ethical Review Board of the VU 
University Medical Center Amsterdam approved the study. Written informed consent 
was provided by all subjects or their lawful caregiver. Exclusion criteria included 
significant medical, neurological (other than AD), or psychiatric illness; a history 
of brain damage; and use of non AD-related medication known to influence cerebral 
function such as benzodiazepines and antidepressants. 

Neuropsychological assessment

A subset of 91 subjects underwent extensive neuropsychological assessment, including 
MMSE,27 Digit Span,28 immediate and delayed recall of the Dutch version of the Rey 
Auditory Verbal Learning Task (RAVLT),29 Visual Association Test (VAT; ranging from 
1 to 12) together with VAT picture naming,30 category fluency, Trail Making Test part 
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A and B, Stroop tests with the Word, Color and Color-Word subtasks,31 and the Rey 
Complex Figure Copy test.32

Follow-up 

Diagnostic classification of MCI patients was re-evaluated annually at the memory 
clinic. Mean follow-up time of 21 MCI patients was 2.8 years (2.8 ± 1.9). During 
this period, seven MCI patients converted to AD (cMCI), whereas 14 MCI patients 
remained cognitively stable (sMCI). One MCI patient converted to dementia caused by 
frontotemporal lobar degeneration (FTLD),33 while in another MCI patient no follow-
up information could be retrieved. These latter two patients were left out of further 
analyses between cMCI and sMCI patients. 

Data acquisition

Imaging was performed on a 1.5 Tesla Siemens Sonata scanner (Siemens AG, Erlangen, 
Germany) using a standard circularly polarized head coil (gradient 40 mT/m, slew 
rate 200T/m/s). Resting state functional scans consisted of 200 T2*-weighted echo 
planar imaging (EPI) volumes (TR = 2850 ms; TE = 60 ms; flip angle = 90°; 36 axial 
slices; matrix 64x64; voxel size 3.3 mm isotropic). Subjects were instructed to lie still 
with their eyes closed, not to think of any one thing in particular and not to fall asleep 
during the resting state scan. Additionally a high-resolution T1-weighted magnetization 
prepared rapid acquisition gradient echo (MPRAGE) image (TR = 2700 ms; TE = 3.97 
ms; TI = 950 ms; flip angle = 8°; 160 coronal slices; matrix 256x192; voxel size 1 x 1.5 x 
1 mm) was acquired. 

Analysis of resting-state data

Data analyses were carried out using MELODIC of FMRIB’s Software Library (FSL version 
4.1; http://www.fmrib.ox.ac.uk/fsl) to identify large-scale patterns of temporal signal-
intensity coherence, interpreted as FC, in the population of subjects.7 Pre-processing 
consisted of motion correction, removal of non-brain tissue, spatial smoothing using 
a Gaussian kernel of full-width-at-half-maximum of 5 mm, and high-pass temporal 
filtering equivalent to 100s (0.01 Hz). After pre-processing the fMRI volumes were 
registered to the subject’s high-resolution T1-weighted scan using affine registration 
and subsequently to standard space (MNI152) images using non-linear registration 
with a warp resolution of 10 mm. Subsequently the data of all above mentioned subjects 
were temporally concatenated across subjects to create a single 4D data set. The data 
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set was decomposed into independent components, with a free estimation for the 
number of components. Model order was estimated using the Laplace approximation 
to the Bayesian evidence for a probabilistic principal component model. Components 
of interest were selected by visual inspection based on previous literature7, 9 and the 
frequency spectra of the timecourses of the components.

For between-subject analyses a voxel-wise comparison of the resting FC was carried 
out using a regression technique referred to as the “dual-regression” approach.19 Spatial 
maps of the group independent component analysis (ICA) were used in a linear model 
fit against each individual fMRI data set (spatial regression), to create matrices that 
described the temporal dynamics for each component and subject separately. These 
matrices were used in a linear model fit against the associated subject’s fMRI data 
set (temporal regression), to estimate subject-specific spatial correlation maps. After 
this dual-regression, spatial maps of all subjects were collected into single 4D files 
for each original independent component. Nonparametric permutation tests (5000 
permutations) were used to detect statistically significant differences between the 
groups within the boundaries of the spatial maps obtained with MELODIC, correcting 
for age, sex and origin of data set.34 Finally, a Family-Wise Error (FWE) correction 
for multiple comparisons was performed, implementing threshold-free cluster 
enhancement (TFCE) using a significance threshold of p < 0.05.35 The regions that 
showed differences in FC between groups were used to extract mean z-values from each 
individual spatial map (FWE-corrected p < 0.05). Gray matter volume, normalized for 
subject head size (NGMV), was estimated using SIENAX,36 part of FSL 4.1. To correct 
for the effect of cortical atrophy, a second dual-regression analysis was carried out on 
the networks that previously showed FC changes, using gray matter volume loss as an 
additional covariate in the permutation tests. 

Non-imaging statistics

All other statistical analyses were performed using SPSS (version 15.0; SPSS, Chicago, 
Ill). Data of TMT and Stroop tests were log transformed as Kolmogorov-Smirnov tests 
showed they were not normally distributed. For continuous measures, differences 
between groups were assessed using one-way analysis of variance (ANOVA) with post-
hoc Bonferroni tests to correct for multiple comparisons. A Chi-squared test was used 
to compare frequency distributions of sex. Linear regression analyses were performed 
across the diagnostic groups and within the patient groups to assess relationships 
between regional FC within the DMN (independent variable; extracted mean z-values 
from clusters of regional differences) and neuropsychological test results (dependent 
variables) with adjustment for age and sex, and, additionally, for gray matter atrophy.
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RESULTS

Demographics and cognitive performance

No differences in age, sex or level of education were found between the three diagnostic 
groups (Table 1). As expected, MMSE scores differed between all groups. AD patients 
showed a decrease in NGMV compared to controls (756±52 vs. 811±46 cc; p<0.001). 
No differences in NGMV were found between controls and MCI (784±49 cc; p=0.12), 

Table 1. Demographics and neuropsychological test outcomes.

Controls MCI AD p-value

Demographics

N (total N=105) 43 23 39

Age (yrs) 69±7 71±8 67±8 0.229

Sex (% F) 47% 35% 41%

Education¥ 6±1 6±1 5±1 0.201

MMSE 29±1 27±3* 22±3*,# <0.001

Neuropsychological test outcomes

N (total N=91) 38 23 30

Digit span, forward 1 13±3 14±2 11±3*,# 0.006

Digit span, backward 1 10±3 10±3 7±3*,# 0.003

TMT A‡ 1 41±17 43±13 80±35*,# <0.001

Stroop, word‡ 1 45±6 47±10 57±18*,# <0.001

Stroop, color‡ 1 60±11 64±18 90±44*,# <0.001

Stroop, color-word‡ 2 112±34 119±32 170±63*,# <0.001

RAVLT immediate recall 42±11 26±7* 21±7* <0.001

RAVLT delayed recall 8±3 2±2* 1±2* <0.001

VAT 1 12±1 10±3* 4±4*,# <0.001

VAT picture naming 2 12±1 12±1 11±2* 0.019

TMT B‡ 2 91±39 113±29 240±179*,# <0.001

Category fluency 1 23±5 19±6* 12±4*,# <0.001

Rey Figure Copy2 34±3 33±5 25±9*,# <0.001

Data are presented as means ± standard deviations. ¥ level of education using Verhage’s 
classification.56 MMSE: Mini Mental State Examination; TMT: Trail Making Test; RAVLT: Rey 
Auditory Verbal Learning Task; VAT: Visual Association Task. ‡ lower scores indicate better 
(faster) performances. 1 missing data of 1-3 subjects; 2 missing data of 4-8 subjects. If analysis 
of variance was p<0.05 a post-hoc Bonferroni test was performed. *p<0.05 compared to 
controls; #p<0.05 compared to MCI patients. 
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or between MCI and AD (p=0.09). Cognitive performance of controls and AD patients 
differed on all neuropsychological tests, with AD patients showing poorest test results 
(Table 1). Performance of MCI patients and AD patients differed on all tests except for 
the RAVLT (immediate and delayed recall) and VAT picture naming, with MCI patients 
showing better test results than AD patients. Controls and MCI patients only differed on 
the RAVLT (immediate and delayed recall), VAT, and category fluency test. 

Figure 1. Overview of resting-state networks. (a) Right working memory (x=31, y=-52, z=39), 
(b) dorsal visual-spatial attention system (x=30, y=-16, z=48), (c) secondary visual areas (x=38, 
y=-73, z=8), (d) basal ganglia and cerebellum (x=10, y=-17, z=10), (e) left working memory 
(x=-39, y=-1, z=43), (f) sensory and motor function (x=8, y=12, z=52), (g) primary visual areas 
(x=7, y=-74, z=19), (h) auditory and language processing (x=-37, y=-14, z=12), (i) the default-
mode network (including thalamus and hippocampus; x=-1, y=-17, z=19), and (j) ventral 
spatial attention system (x=-54, y=-17, z=-7). The images (sagittal, coronal and axial view) are 
z-statistics overlaid on the average high-resolution scan transformed into standard (MNI152) 
space. Dark green to light green are z-values ranging from 2.3-10.0. The left hemisphere of the 
brain corresponds to the right side of the image.
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Resting state network identification

The group ICA estimated 27 components. Based on their frequency spectra, their spatial 
patterns and on previous literature7-9 10 components were found to represent functional 
RSNs. Peak of the frequency spectra of all of these components was below 0.03 Hz. The 
remaining 17 components reflected artefacts like movement, physiological noise and 
CSF flow. Figure 1 shows an overview of the functional RSNs, consisting of right and 
left working memory network (a+e), dorsal visual-spatial attention system (b), primary 
and secondary visual areas (g+c), basal ganglia and cerebellum (d), sensory and motor 
function (f), auditory and language processing (h), the default mode network (i), and 
ventral spatial attention system (j). In our sample the default mode network (Figure 1i) 
consisted of bilateral lateral parietal cortex, precuneus and PCC, ACC, MPFC, bilateral 
operculum, medial temporal cortex, lateral temporal cortex and the thalamus.

Functional connectivity changes 

Within the DMN, four regions of lower FC were found in AD compared to controls 
within the precuneus and the PCC (Figure 2; FWE-corrected p < 0.05) (Table 2). The two 
largest of these regions (precuneus and cuneus) remained significant when repeating 
the dual regression analysis using NGMV as an additional covariate (FWE-corrected p 
< 0.05). No regions of FC changes were found within the DMN when comparing MCI 
patients with controls or AD patients. No regions of higher FC in AD patients compared 
to controls were found either. 

Two other RSNs showed regions of lower FC in AD (Table 2). The secondary visual 
network displayed one region of lower FC in AD patients compared to controls in the 
right occipital lobe (Figure 3a). This cluster did not survive the statistical threshold 
when correcting for gray matter atrophy. The basal ganglia and cerebellum network 
(Figure 3b) showed five regions of lower FC in AD patients compared to controls in the 
right thalamus, the right putamen and the right and left hemisphere of the cerebellum. 
Three of these regions survived correction for gray matter atrophy. 

The regions of lower DMN FC in AD patients compared to controls (cuneus, precuneus 
and the PCC; FWE-corrected p<0.05) were used as regions-of-interest to extract the 
average z-values from the subject-specific spatial maps of all subjects (Figure 2). Figure 
4 shows a boxplot of the mean z-values of FC in the patient groups in these regions. Mean 
z-values of MCI patients (4.9±1.1) were numerically in between AD patients (4.3±1) 
and controls (5.5±1.1) but did not reach significance when comparing regional DMN 
FC values to AD (p=0.09) and controls (p=0.17). After exclusion of one outlier from the 
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Figure 2. Differences in DMN FC between controls and AD patients. Green voxels represent 
the group default mode network. Blue voxels show clusters of decreased FC in AD compared 
to controls (p<0.05 FWE-corrected). MNI-coordinates x=4, y=-59, z=29. (a) Results are 
corrected for age, sex and origin of data set. These clusters were used as region-of-interest 
to extract mean z-values of FC from each individual independent component map. (b) Results 
are corrected for age, sex, origin of data set and normalized gray matter volume. 

Figure 3. Differences in non-DMN FC between controls and AD patients. Green voxels 
represent the group RSNs, i.e. (a) the secondary visual network (MNI-coordinates x=30, y=-
87, z=17) and (b) the network of basal ganglia and cerebellum (MNI-coordinates x=22, y=-25, 
z=10). Blue voxels show clusters of significantly decreased synchronization in AD compared to 
controls (p<0.05, FWE-corrected). Results are corrected for age, sex and data set. 
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control group (z=2.1; > 3 SDs below the mean), there was a trend towards significance 
in regional FC between MCI patients and controls (p=0.07). 

Comparing stable and converting MCI patients 

No differences in age (p=1.00), sex (p=0.77), level of education (p=1.00), MMSE scores 
(p=1.00), NGMV (p=0.51) and neuropsychological test scores were found between 
sMCI and cMCI patients. Regional FC (i.e. within the region of lower FC between AD 
and controls) did not differ between sMCI and cMCI (5.0±1.1 vs. 4.8±1.0) (Figure 4). 
Using independent samples t-tests, connectivity values of sMCI patients differed from 
those of AD patients (p=0.03), while no significant differences between sMCI patients 

Table 2. Decreased FC clusters in AD compared to controls. 

voxels   (n) p-value MNI coordinates (x, y, z) location

Default mode network

31 0.01 -2 -62 4 PCu, Cu

17 0.01 2 -46 28 left and right PCu

3 0.04 -2 -62 32 left PCu

3 0.04 2 -34 28 PCC

After gray matter atrophy correction

2 0.04 14 -58 4 right Cu

3 0.02 -2 -62 4 left Cu

3 0.04 2 -50 28 PCu

Secondary visual network

4 0.02 30 -94 20 right occipital cortex

Basal ganglia and cerebellum

7 0.03 22 -26 12 right thalamus

5 0.01 30 -14 -4 right putamen

6 0.02 26 -62 -36 right hemisphere cbllm

1 0.05 30 -54 -40 right hemisphere cbllm

1 0.05 -22 -74 -32 left hemisphere cbllm

After gray matter atrophy correction

7 0.01 22 -26 8 right thalamus

3 0.01 30 -14 -4 right putamen

10 0.02 26 -62 -36 right hemisphere cbllm

P-values are FWE-corrected. PCu: precuneus; Cu: cuneus; cbllm: cerebellum.
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and controls were found (p=0.21). Regional FC values of cMCI patients did not reach 
significance compared to those of controls (p=0.14) or AD patients (p=0.27). 

Figure 4. Boxplots of regional FC mean z-values. 
Results shown (a) per diagnostic group and (b) for 
stable and converting MCI patients. Mean z-values 
were extracted for each subject from the individual 
DMN z-maps obtained from the dual regression 
analysis and compared using independent-samples 
t-tests. *p<0.05; **p<0.001.  

Table 3. Associations of regional FC with cognitive function.

Cognitive function Across groups Controls MCI AD

MMSE 0.41*** 0.14 -0.31 0.28

Digit span, forward 1 0.17 0.09 0.18 -0.05

Digit span, backward1 0.28** 0.13 0.31 0.16

TMT A‡ 1 -0.37*** -0.09 -0.03 -0.37

Stroop, word‡ 1 -0.28* 0.04 -0.20 -0.27

Stroop, color‡ 1 -0.18 0.26 -0.04 -0.08

Stroop, color-word‡ 2 -0.28* -0.16 -0.04 -0.18

RAVLT, immediate 0.27** 0.09 -0.21 0.06

RAVLT, delayed 0.25* 0.09 -0.29 -0.22

VAT 1 0.32*** 0.28 -0.08 -0.00

VAT picture naming 2 -0.01 -0.15 -0.05 -0.16

TMT B‡ 2 -0.34*** 0.04 -0.23 -0.38

Category fluency 1 0.26* -0.14 -0.13 0.19

Rey Figure Copy 2 0.35*** 0.16 -0.19 0.61***

Data are presented as standardized β-values. Linear regression analyses (FC independent 
variable; neuropsychological test result dependent variable) were carried out with correction 
for age and sex. MMSE: Mini Mental State Examination; TMT: Trail Making Test; RAVLT: Rey 
Auditory Verbal Learning Task; VAT: Visual Association Task. ‡lower scores indicate better 
(faster) performances. 1missing data of 1-3 subjects; 2missing data of 4-8 subjects. *p<0.05; 
**p<0.01; ***p<0.005.
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Correlation with cognition

Across the diagnostic groups, linear regression analyses displayed that lower regional 
FC within the DMN was associated with lower scores on MMSE (standardized β=0.41; 
p<0.001). Furthermore, associations between lower regional FC and worse test 
performance were found for Digit span (backward), Stroop word and Stroop color-
word test, TMT (A and B), VAT, RAVLT (immediate and delayed), Category Fluency and 
Rey Figure Copy test (Table 3). Within AD, we found a strong correlation between DMN 
FC values and Rey Figure Copy Test outcomes (standardized ß=0.61; p=0.002). No other 
correlations were found within the AD patient group. No correlations were found within 
the control and the MCI group. When applying an additional correction for GM atrophy 
the results remained essentially unchanged. 

DISCUSSION

In this study we found regions of lower FC in AD patients compared to controls within 
the DMN, located in the precuneus and posterior cingulate cortex. Regional FC values 
of MCI patients were numerically in between AD patients and controls. Furthermore, 
AD patients displayed a lower regional FC than sMCI patients while no differences in 
regional FC were found between cMCI and AD patients. Reduced FC was correlated with 
cognitive dysfunction both across diagnostic groups and within the AD group. 

To detect regional differences in FC between AD patients, MCI patients and controls, 
a group ICA was executed resulting in 27 independent components of which 10 were 
recognized as RSNs. Subsequently, a newly developed dual-regression analysis technique 
was applied to compare subject-specific spatial maps of each independent component. 
This technique uses the group ICA component maps to back-reconstruct the group 
spatial maps into subject-specific temporo-spatial maps by applying two regression 
analyses taking both temporal coherence and spatial similarity of the component into 
account. This provides an advantage over techniques that select and match subject-
specific components based on their spatial simillarity (e.g. “goodness-of-fit”) after 
having applied single subject ICAs, in which similarity in temporal signal intensity 
coherence cannot be assured. A possible future advantage of the dual-regression 
analysis is the possibility to omit doing an ICA to create group-specific RSN masks and 
use standardized masks of RSNs obtained from very large samples of subjects instead. 
Once such masks are available, this will provide even more standardized results that 
will be comparable across different data sets since results do not depend on group-
specific independent component masks.  
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Voxel-wise comparisons of the obtained individual RSN maps displayed FC changes 
between AD patients and controls in three of the networks, including the DMN. All 
regions of lower DMN FC were located in the postero-medial part of the network, a 
region that is particularly vulnerable for amyloid pathology at an early stage of the 
disease. These regions survived correction for gray matter volume loss, confirming that 
lower DMN FC in AD reflects functional changes within the cortical tissue. This is in line 
with the results of other studies applying a correction for the effect of cortical atrophy.14, 

15, 37 The fact that the regions of DMN FC differences were smaller after correction for 
gray matter volume loss illustrates that the lower DMN FC in AD can be partly explained 
by the loss of cortical brain tissue.  

Several other studies that cross-sectionally investigated FC within the DMN or between 
brain regions that are part of the DMN found similar results.11, 15, 18, 37, 38 Studies using 
seed-based analyses of the precuneus/PCC demonstrated decreased connectivity 
between the precuneus/PCC and several brain regions, including (medial) temporal 
cortex, hippocampus, prefrontal cortex and thalamus.16, 18, 39 Independent component 
analyses have been used to investigate differences in DMN connectivity in earlier 
and later stage AD, showing decreased connectivity in precuneus/PCC, as well as in 
hippocampus, lateral parietal and medial prefrontal cortices.11, 15, 38, 40

The postero-medial regions, together with the lateral parietal cortices, are particularly 
vulnerable for early AD pathology, with amyloid pathology being located in these areas 
already at an early stage of the disease, most likely followed by hypometabolism and 
cortical atrophy during the course of disease progression.2, 41, 42 Using graph analysis, 
Buckner et al. found the structures in the posterior midline, and in particular the PCC, 
to be an important “hub” in intrinsic cortical connectivity.13 Their high neuronal activity 
might provoke increased amyloid-ß production,43 possibly explaining the vulnerability 
of amyloid deposition in this region. Since the PCC and MTL are both anatomically and 
functionally connected it is conceivable that amyloid deposition contributes to synaptic 
dysfunction and eventual neuronal loss in the hippocampus and surrounding cortical 
structures, and therefore contributes to memory impairment.44

Zhang et al. showed that the disruption of PCC connectivity intensified as the stage 
of AD progression increased.45 In our study, regional FC values of MCI patients were 
numerically in between those of AD patients and controls (Figure 3). Since MCI is 
considered being a possible prodromal phase of AD, and MCI patients are known to 
have an increased risk of converting to AD compared to the healthy elderly population,25 
these findings were in line with our a priori expectations. After the exclusion of one 
outlier from the control group, a trend towards a significant difference in FC values 
was found between MCI patients and controls. Several studies found large proportions 
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(i.e. approximately 30%) of clinically normal elderly to display increased amyloid 
deposition,3, 44 which appears to be associated with a decrease in DMN FC before any 
signs of cognitive impairment are detectable.46-48 Although there was no additional 
information (e.g. molecular imaging) available for this specific control subject, incipient 
Alzheimer pathology might have caused increased variance of control FC values (Figure 
3), hampering differences between controls and MCI patients to reach statistical 
significance. Similarly, increased amyloid burden could have caused decreased FC in the 
sMCI group as well, possibly preventing sMCI and cMCI to reach statistical significance 
due to relatively low FC in some sMCI subjects. 

In this first study using rs-fMRI to compare DMN regional FC of sMCI and cMCI patients 
no differences were found between sMCI and cMCI patients. However, this could be 
explained by the small group sizes of the MCI subgroups. Furthermore, it is possible 
that the sMCI patients showing lowest regional FC values will still convert to AD after 
a longer clinical follow-up. Further studies in larger MCI samples are necessary to 
confirm these assumptions. 

Although our main focus was on FC changes within the DMN, two other RSNs displayed 
FC changes in AD compared to controls as well. In the occipital regions of the secondary 
visual network a small region of lower FC was found. However, this result did not 
survive correction for gray matter atrophy. The network consisting of basal ganglia 
and cerebellum showed regional FC change in AD in the deep gray matter of the brain, 
namely the right thalamus and putamen, and in the cerebellum. The cerebellum and 
the basal ganglia are anatomically interconnected,49 supporting the idea that these 
subcortical structures form an integrated functional network. Besides being involved 
in motor function, the cerebellum and basal ganglia have an important role in cognitive 
function.50, 51 Furthermore, several studies have shown that especially the thalamus, but 
also the putamen, suffer volume loss during the disease progress of AD,52, 53 which is 
correlated with a decline in cognitive performance.54

Finally, across diagnostic groups an association between lower regional FC and 
worse cognitive test performance was found for MMSE-scores and several other 
neuropsychological tests. Within the AD group an association between FC and cognition 
was only found for the Rey Figure Copy test, most likely due to statistical power. 
However, since visuospatial capacities are tested with the Rey Figure Copy test, it is 
meaningful that these test results are strongly associated with posteromedial FC in AD, 
confirming the possible additional value of FC measures for clinical follow-up or as a 
measure for drug trial monitoring. Where amyloid deposition markers fail to display 
disease progression since amyloid markers reach a plateau very early in the disease 
process, functional MRI might prove to be a valuable measure.
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A possible limitation of the current study is the influence of gray matter atrophy causing 
BOLD signal alterations to be misinterpreted as FC alterations. Therefore a correction 
for gray matter atrophy was applied, using each subject’s gray matter volume as a 
covariate in an additional dual regression analysis. Potentially more precise voxelwise 
correction for gray matter atrophy55 could be hampered by misregistration of structural 
and functional images due to deformation of echo-planar images at 3T. Further possible 
limitations of this study were the relatively small sample size of the MCI group, which 
might have caused a lack of statistical power to display decreases in regional FC in cMCI 
compared to sMCI when comparing both groups directly. Secondly, clinical follow-up 
time was too short to claim a definite separation between the sMCI and cMCI group. The 
MCI group used in our study was a heterogeneous group. No preselection of MCI patients 
was made based on assumable underlying AD pathology. Therefore, a significant part of 
the MCI group might not convert to AD (i.e. sMCI or FTLD). However, with the current 
follow-up time it is not improbable that part of the sMCI group will still convert to AD 
(and thus actually belong to the cMCI group). Finally, the dual-regression technique 
uses the group ICA spatial maps for back-reconstruction purposes. This advantage, as 
described above, might at the same time be a limitation, since a commonality of spatial 
maps is assumed in order to obtain distinct subject-specific spatial maps. Therefore the 
results of our dual-regression analysis will have to be compared with other techniques 
in future studies to assure that our results were not affected by the analysis technique, 
but solely caused by the disease itself. 

In conclusion, these results show clinically meaningful changes in resting-state FC 
in AD patients. Although more studies in larger MCI groups are necessary to further 
explore early FC differences between sMCI and cMCI, rs-fMRI is a promising technique 
that can identify functional impairment in early Alzheimer, and bridge the gap between 
molecular pathology (amyloid PET) and frank neurodegeneration with tissue loss 
(atrophy on MRI). 
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