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Abstract 
Recently several resting state FMRI studies have been conducted studying Alzheimer’s 
disease (AD), focusing mainly on the ‘default mode’ network (DMN). However, other 
resting state networks could also be of interest. Decreased activation in the dorsal 
visual pathway has been observed previously in task-related studies in AD and in mild 
cognitive impairment (MCI) in a resting state study. Here, we applied an independent 
component analysis (ICA) to study intrinsic brain activity in the DMN, hippocampus and 
the dorsal visual-spatial attention system in 18 AD, 10 MCI and 22 healthy subjects, 
while correcting for grey matter volume. We demonstrated decreased intrinsic activity in 
the dorsal visual-spatial attention system in AD compared to healthy subjects. Activity in 
this network did not differ between MCI and the other groups. No activity changes were 
observed in the DMN or hippocampus. We conclude that in AD the average activity of 
the dorsal visual-spatial attention system is altered. The average activity in the DMN 
was not altered by MCI or AD. However, in line with previous research, decreased 
activity of a specific region within the DMN (i.e. the left hippocampus) was observed. 
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Introduction 
Alzheimer’s disease (AD) is the most common form of dementia in older adults. The 
cognitive deficits observed in patients with early AD primarily concern memory function, 
i.e. the ability to form and retain new episodic memories, along with impairment in at 
least one other cognitive domain such as language or visuospatial abilities (Lindeboom 
and Weinstein 2004;Pasquier, 1999). These cognitive deficits are often attributed to 
brain atrophy observed in AD (Rusinek et al. 2003), which is primarily localized in the 
medial temporal lobe (Braak and Braak 1991). Using functional magnetic resonance 
imaging (FMRI) alterations in brain activation in mild cognitive impairment (MCI) and 
AD have been reported. In line with the observation of medial temporal lobe atrophy 
and the predominance of memory deficits in AD, the majority of these studies have 
focused on the medial temporal lobe reporting decreased activation in this region, e.g. 
(Remy et al. 2005;Rombouts et al. 2000;Sperling, 2007). Studies investigating 
visuospatial deficits in AD have found decreased activation mainly in the superior 
parietal lobes (Hao et al. 2005;Prvulovic et al. 2002), part of the dorsal visual pathway 
(Corbetta et al. 1995). FMRI studies in MCI and AD have also shown alterations in 
deactivation, i.e. task-induced decreases in the blood oxygenation level dependent 
(BOLD) signal compared to rest or a control condition (Lustig et al. 2003;Rombouts et 
al. 2005;Rombouts et al. 2007). A promising approach in the context of AD is the study 
of resting state activity, i.e. studying brain activity in the absence of external stimulation. 
It has been suggested that spontaneous fluctuations in brain activity reflect an intrinsic 
property of brain functional organization that serves to stabilize brain ensembles, 
consolidate the past, and prepare us for the future (Buckner and Vincent 2007;Raichle 
and Snyder 2007). Resting state BOLD fluctuations have been associated with 
cognitive processes or cognitive state, such as stimulus-independent thoughts (Mason 
et al. 2007), executive function (Damoiseaux et al. 2007) and state anxiety (Seeley et 
al. 2007). Furthermore, alterations in the patterns of spontaneous brain activity have 
been observed in disease (Greicius et al. 2004;Greicius et al. 2007;Kennedy et al. 
2006). Resting state FMRI thus seems a sensitive approach to assess normal and 
disturbed brain function. To date most resting state research has focused on activity 
within the so-called ‘default mode’ network (DMN). This network, that deactivates when 
responding to external stimuli, has been hypothesized to be relatively more active in 
rest (Raichle et al. 2001). Several resting state FMRI studies of MCI and AD report 
alterations in connectivity within this network (Greicius et al. 2004;He et al. 2007;Wang 
et al. 2007;Wang et al. 2006). However, previous research has shown that next to the 
DMN, several other “resting state networks” (RSNs) were detectable, such as the 
dorsal visual-spatial attention system (Damoiseaux et al. 2006b;De Luca et al. 
2005;Fox et al. 2006); and that activity of this specific network was decreased in 
amnestic MCI (Sorg et al. 2007). 
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Most of the previous resting state studies of AD used cross-correlation analyses based 
on a priori defined regions of interest (ROI) (He et al. 2007;Wang et al. 2007;Wang et 
al. 2006). New for this study is that we use a whole brain analysis approach, i.e. tensor 
probabilistic independent component analysis (tensor PICA) (Beckmann and Smith 
2005), to find patterns of coherent BOLD fluctuations across healthy subjects, MCI and 
AD patients. To exclude the possibility that the observed activity changes are due to 
regional brain atrophy, we additionally measure grey matter (GM) volume per subject 
and include the average GM volume within the specific spatial patterns of the RSNs as 
covariate in the between-group analysis. Based on previous research (both task-related 
and resting state FMRI) (Greicius et al. 2004;Hao et al. 2005;He et al. 2007;Prvulovic et 
al. 2002;Sorg et al. 2007), we expect to find decreased intrinsic activity of these 
networks in both MCI and AD patients after correction of regional GM volume. 
 
Materials and Methods 
Subjects: 
A total of fifty subjects participated in the study. Resting state FMRI was obtained from 
three groups of right-handed participants: 22 older healthy subjects without memory 
complaints (age: 70.7 ± 6.0, range 60 to 81 years; mini mental state examination 
(MMSE): 28.7 ± 1.4; 13 female), 10 patients with MCI (age: 74.7 ± 4.7 years, range 65 
to 81 years; MMSE: 26.1 ± 2.4; 6 female) and 18 patients with mild AD (age: 70.7 ± 7.2 
years, range 59 to 79 years; MMSE: 22.6 ± 3.2; 9 female). Patients were recruited at 
the Alzheimer Center of the VU University Medical Center, Amsterdam, Netherlands. 
MCI patients were diagnosed using criteria for amnestic MCI (Petersen et al. 2001), 
and clinical dementia rating (CDR) scale scores of 0.5 (Morris, 1993). Diagnostic 
criteria of AD were that of NINCDS-ADRDA (McKhann et al. 1984), with MMSE scores 
>18 and CDR < 2. Healthy subjects were recruited by two means: (1) asking family 
members of patients and (2) advertisements posted in the medical center, the medical 
faculty of the university and activity centers for the elderly in the community. The Ethical 
Review Board of the VU University Medical Center Amsterdam approved the study. All 
subjects provided informed consent; patients under supervision of a lawful caregiver if 
necessary. Participants were excluded if they had any significant medical, neurological 
(except for the diseases under study here in the patient groups) or psychiatric illness; a 
history of brain damage; or if they were taking medication known to influence cerebral 
function (except for AD medication in the AD group). The data of the healthy control 
subjects used in this study are the same as used in a previous study (Damoiseaux et al. 
2007). T2-weighted fluid attenuation inversion recovery (FLAIR) scans of each subject 
were reviewed by a neuroradiologist to assess the presence of vascular lesions. Across 
all groups some, probably age-related, WM abnormalities were observed (29 subjects 
with Fazekas-score range 1-3 (1.21 ± 0.41) (Fazekas et al. 1987); and 3 subjects with 
1-3 lacunes). All subjects underwent an MRI session of approximately 35 minutes total. 
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For the resting state scan, which lasted about 10 minutes, 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 this scan a respiration belt and pulse sensor registered the subjects’ 
respiration and pulse. Directly after the scan the subjects were asked whether they fell 
asleep; none of the participants reported they did.  
 
Neuropsychological assessment: 
All participants underwent a MMSE, a geriatric depression scale (GDS) and the Dutch 
version of the New Adult Reading test (NLV), as an indicator of (premorbid) IQ, followed 
by an extensive neuropsychological test battery including tests measuring 
attention/concentration, processing speed, episodic memory, executive functioning and 
praxis (see table II for details). Scores on neuropsychological tests are compared 
between groups using t-tests, corrected for multiple comparisons. 
 
Imaging methods: 
Imaging was performed on a 1.5T Sonata (Siemens, Erlangen, Germany) scanner. For 
the functional scan, T2*-weighted echo planar images (EPI) were acquired with the 
following sequence parameters: TR=2850 ms; TE=60 ms; flip angle=90°; 36 axial 
slices; voxel size 3.3 mm isotropic. 200 volumes were acquired during the resting state 
scan. Additionally a high-resolution T2*-weighted EPI and a high-resolution T1-
weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) image 
were acquired. The sequence parameters of the high-resolution EPI were: TR=7230 
ms; TE=45 ms; flip angle=90°; 64 axial slices; voxel size 1.6 x 1.6 x 2.2 mm. The 
sequence parameters of the T1 weighted image were: TR=2700 ms; TE=3.97 ms; flip 
angle=8°, 160 coronal slices; voxel size 1 x 1.5 x 1 mm. 
 
Analysis of resting state data: 
Pre-processing: The image pre-processing was carried out similarly as in our previously 
published resting state studies (Damoiseaux et al. 2006b;Damoiseaux et al. 2007), 
using tools from FMRIB's Software Library (FSL version 3.3(Smith et al. 2004)). The 
following pre-statistics processing was applied: motion correction (Jenkinson et al. 
2002); removal of non-brain structures (Smith, 2002); spatial smoothing using a 
Gaussian kernel of 6mm full-width-at-half-maximum (FWHM); mean-based intensity 
normalization of all volumes by the same factor (i.e. 4D grand-mean scaling in order to 
ensure comparability between data sets at the group level); high-pass temporal filtering 
(Gaussian-weighted least-squares straight line fitting, with sigma=75.0s); and Gaussian 
low-pass temporal filtering (half width at half maximum 2.8s). After pre-processing the 
functional scan was first aligned to the high resolution EPI scan, which was registered 
to the high resolution T1-weighted image, which was subsequently registered to the 
MNI152 standard space (average T1 brain image constructed from 152 normal subjects 
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at Montreal Neurological Institute) using affine linear registration (Jenkinson et al. 
2002). From the resulting affine transformation matrices, a midspace was defined as 
the transformation that approximates the average size and shape of the individual 
subjects’ spaces, by calculating the geometric mean of the affine transformations, that 
registers the MNI152 standard space template to all subjects’ FMRI data sets. Within 
this midspace, the data is kept at the original EPI resolutions, reducing the 
computational burden of a simultaneous (all subjects) decomposition. Finally the 
individual time-series data were converted to voxel-wise power-spectra. This was done 
since there is no task in resting state data to restrict what subjects are doing during a 
specific time course, and no consistent phase for individual RSNs across subjects can 
be assumed, see also (Damoiseaux et al. 2007). Finally, we performed tensor PICA 
(Beckmann and Smith 2005) on data transformed into the (temporal) frequency domain. 
Statistical analyses: A tensor PICA approach as described previously (Damoiseaux et 
al. 2006b;Damoiseaux et al. 2007), was used for statistical analyses. In this study all 
subjects’ data (consisting of 50 data sets) was de-composed into components, which 
characterize the structured signals in the spatial, subject and frequency domain. Data 
were de-composed into 20 components, where the model-order was estimated using 
the Laplace approximation to the Bayesian evidence for a probabilistic PCA model 
(Beckmann and Smith 2004). Final maps were thresholded using an alternative 
hypothesis test based on fitting a Gaussian/Gamma mixture model to the distribution of 
voxel intensities within spatial maps and a posterior probability threshold of p>0.5 
(Beckmann et al. 2003). The resulting components represent an ensemble of brain 
regions with the same frequency power spectrum with a certain behavior per subject. In 
order to determine whether the components of interest (i.e. the components comprising 
the DMN and the dorsal visual-spatial attention system) differ significantly between 
groups (healthy older subjects, MCI and AD), the 50 values in the subject domain were 
compared using analyses of variance (ANOVAs) including age as covariate 
(Damoiseaux et al. 2007;Rombouts et al. 2007). To correct for outliers per component 
all the values in the subject domain with a standard deviation of more than 3.0 were 
removed. Five components did not have any outliers and for fifteen components one 
value was removed. The different values within one subject-mode vector show a 
difference in the relative strength of the associated time by space component within a 
subjects' data set. That is, a higher value of the subject modes indicates that the 
subject's data has higher BOLD change within the areas indicated by the associated 
spatial map. 
 
Analysis of grey matter volume: 
To control for possible differences in RSNs which may be explained by differences in 
GM volume between subjects, we additionally performed an analysis of GM volume and 
used this information as a covariate in our resting state FMRI analysis, following the 
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methodology described in our previous study (Damoiseaux et al. 2007). Data analysis 
was performed using FSL version 3.3 (Smith et al. 2004). After removal of non-brain 
structures (Smith, 2002) the high-resolution images (T1-weighted MPRAGE) were 
segmented into GM, white matter, CSF and background and partial volume maps were 
calculated (Zhang et al. 2001). The GM partial volume maps were transformed into the 
same final working space as the resting state FMRI images using affine linear 
registration (Jenkinson et al. 2002). Per-subject GM volume was averaged separately 
for each of the RSNs of interest across the brain areas involved in that RSN. These 
measures were used in the statistical analysis. The RSNs of interest where then 
reanalyzed by applying an ANOVA with RSN values in the subject domain as 
dependent variable and age and subject-wise mean GM volume in that specific RSN as 
covariates. To gain information on whether the groups included in our study differed in 
mean GM volume, the mean GM volume of the specific RSNs were compared using 
ANOVAs with age as covariate. Additional analyses were conducted to compare GM 
volume voxel-wise. Individual GM partial volume maps were compared between healthy 
subjects, MCI and AD using a general linear model. In line with previous research we 
expected decreased GM volume in AD mainly in the medial temporal lobe. 
 
Correlations of RSNs with neuropsychology: 
Correlations between neuropsychological tests and the RSN values in the subject 
domain (for the healthy controls and patients separately) were calculated using a partial 
correlation, correcting for GM volume and age. The neuropsychological tests used for 
correlation analyses are those that differ significantly between healthy controls and AD 
patients (see table II). Correlation analyses were performed using Pearson’s r one-
tailed, corrected for multiple comparisons. No correlation analysis was performed for 
the MCI patients because of the small number of subjects in this group. 
 
Results 
Respiration and pulse: 
During the resting state scan pulse and respiration measures were collected for every 
subject. No differences in pulse and respiration were observed between groups (see 
table I). 
 
Table I: between group comparisons of pulse and respiration measures. 

AD vs. HC AD vs. MCI MCI vs. HC  
t p t p t p

Mean 0.170 0.866 0.126 0.901 0.024 0.981Heart rate Standard deviation 0.295 0.770 0.319 0.754 0.158 0.876
Mean 0.802 0.429 0.266 0.793 0.978 0.338Respiration Standard deviation 0.271 0.788 1.398 0.179 0.906 0.375
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Table II: Patient characteristics and neuropsychological profile. 

  HC MCI AD 
AD vs.  

HC 
MCI vs. 

HC 
AD vs. 

MCI 
  M ± SD M ± SD M ± SD t t t 
Gender (male/female) 9/13 4/6 9/9 0,56 0,05 0,49 
Age 70,73 ± 6,0 74,70 ± 4,7 70,66 ± 7,2 0,03 1,86 1,58 
MMSE 28,73 ± 1,4 26,10 ± 2,4 22,61 ± 3,2 7,58* 3,20 3,01 
GDS 0,64 ± 1,0 1,11 ± 1,2 1,24 ± 1,1 1,70 1,11 0,03 

NLV 
110,67 ± 

18,7 
109,40 ± 

16,0 
102,72 ± 

18,9 1,32 0,18 0,95 
Attention, concentration and speed     
Digit span       
  forward span 6,23 ± 1,0 5,88 ± 0,6 5,12 ± 1,4 2,85 0,91 1,44 
  backward span 5,14 ± 0,9 5,25 ± 1,3 4,06 ± 1,1 3,41 0,28 2,42 
WAIS Symbol 
substitution/encoding 58,73 ± 15,3 48,80 ± 7,1 35,71 ± 20,2 4,06* 2,51 2,42 
Trail making test A 43,55 ± 15,4 45,90 ± 11,6 71,24 ± 27,3 3,75 0,43 3,35 
Stroop       
  word card 46,18 ± 6,4 51,80 ± 10,0 54,83 ± 13,9 2,43 1,92 0,61 
  color card 60,82 ± 11,0 70,20 ± 22,6 85,72 ± 24,9 3,97* 1,60 1,64 

  color-word card 
116,73 ± 

37,3 
133,80 ± 

39,7 
177,75 ± 

71,1 2,96 0,95 1,78 
Episodic memory       
15 word test       
  total immediate recall 42,91 ± 10,7 22,50 ± 5,7 21,67 ± 6,0 7,94* 5,67* 0,36 
  delayed recall 8,41 ± 3,1 1,10 ± 1,1 1,44 ± 1,7 8,97* 9,72* 0,58 
Visual association 
test       
  A 11,50 ± 1,1 7,70 ± 3,9 4,61 ± 3,9 7,27* 3,06 2,02 
  B 10,63 ± 1,5 5,70 ± 4,1 2,72 ± 3,6 5,36* 2,27 2,01 
WAIS Symbol 
substitution/memory       
  cued reproduction 9,40 ± 4,0 1,70 ± 2,4 2,29 ± 2,8 5,68* 5,54* 0,54 
  free reproduction 6,41 ± 1,6 4,40 ± 2,1 3,21 ± 1,5 6,03* 3,01 1,58 
Memory impairment 
screen plus       
  direct reproduction 10,95 ± 1,6 10,90 ± 1,1 8,88 ± 2,4 3,46 0,63 2,88 
  delayed reproduction 10,41 ± 1,7 3,40 ± 2,0 2,64 ± 2,7 10,22* 11,51* 0,75 
Executive function      
WISC maze       

  total time 
217,50 ± 

87,8 
258,5 ± 
171,6 

297,0 ± 
141,0 2,63 1,29 0,59 

  Mistakes 2,45 ± 1,6 3,8 ± 4,1 4,54 ± 4,0 2,02 1,62 0,44 

Trail making test B 
101,09 ± 

44,2 
125,60 ± 

34,2 
246,0 ± 
126,1 4,65* 2,30 3,61 

TMTB/TMTA 2,40 ± 0,8 2,87 ± 1,0 3,59 ± 1,1 3,68 1,35 1,60 
Fluency       
  animals 2 min 35,23 ± 7,9 26,90 ± 7,8 17,35 ± 6,8 7,45* 2,78 3,34 
  insects 1 min 8,95 ± 3,1 5,60 ± 1,6 4,24 ± 2,6 5,04* 3,22 1,49 
Praxis       
Rey complex figure        
  copy 32,71 ± 3,0 32,10 ± 7,4 25,88 ± 8,6 2,76 0,33 1,82 
  organisation 3,33 ± 2,0 2,80 ± 2,3 1,92 ± 1,9 2,00 0,66 1,00 
Note: HC, healthy controls; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MMSE, mini mental 
status examination; GDS, geriatric depression scale; NLV, the Dutch version of the New Adult Reading test; 
WAIS, Wechsler adult intelligence scale; WISC, Wechsler intelligence scale for children; TMT, trail making 
test. 
* significant at p<0,0007 
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Figure 1: Potentially functionally relevant RSNs. 12 out of the 20 estimated components visually identified as 
being potentially functionally relevant. 10 these components (A-J) resemble RSNs described previously 
(Damoiseaux et al. 2006a). These components consist of regions previously related to visual processing (A),
the DMN (B), working memory (C+D), sensory/motor function (E), the ventral and dorsal attention system
(F+G), auditory and language processing (H+I), and executive functioning (J). 2 additional potentially 
functionally relevant components were found, encompassing: the thalamus, putamen, insula and the
transverse temporal gyrus (K); and the anterior temporal lobe, including the hippocampus (L). Images 
(coronal, sagittal and axial view) are z-statistics overlaid on the average high-resolution scan transformed into 
standard (MNI152) space. Black to yellow are z-values; ranging from 3.0-10.0. The left hemisphere of the 
brain corresponds to the right side of the image.
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Neuropsychology: 
AD patients perform worse than healthy subjects on most tests, across most cognitive 
domains measured with this test battery except for praxis. No significant difference was 
observed between MCI and AD patients. MCI patients performed worse than healthy 
controls on tests measuring memory function (corrected for multiple comparisons: 
p<0.0007; see table II for details). 
 
Resting state FMRI data: 
Twenty components were estimated, of which twelve were visually identified as being 
potentially functionally relevant. Functional relevance was based on the spatial pattern 
which resembled specific neuro-anatomical systems (figure 1). Ten of these 
components (A-J) coincide with the RSNs described previously (Beckmann et al. 
2005;Damoiseaux et al. 2006b;Damoiseaux et al. 2007;De Luca et al. 2005). These 
components consist of regions previously related to visual processing (A), the DMN (B), 
working memory (C+D), sensory/motor function (E), the ventral and dorsal attention 
system (F+G), auditory and language processing (H+I), and executive functioning (J). 
Nonetheless, there are some differences. Here we found one component with a spatial 
pattern resembling the visual cortex (A) while in a previous study we consistently found 
this component to be split into two independent spatial patterns (Damoiseaux et al. 
2006a). Furthermore, in this study the component encompassing auditory/language 
areas appears to be split into two (H+I). In addition to the ten RSNs described above, 
two other interesting spatial patterns are observed. One of these patterns encompasses 
the thalamus, putamen, insula and the transverse temporal gyrus (K); the other consists 
of the anterior temporal lobe, including the hippocampus (L). The remaining 8 
components show, among others, head motion, physiological noise, areas consisting of 
white matter and the cerebellum (the latter was not completely covered by every 
subjects’ FMRI scan therefore activity within this component was regarded as an 
artifact). 
Based on previous research (see Introduction) we expected to find altered activity in 
MCI and AD patients in two of these 20 components: component 1B the DMN and 1G 
the dorsal visual-spatial attention system. However, in previous studies the 
hippocampus was part of the DMN (Fransson, 2005;Greicius et al. 2004;Vincent et al. 
2006), while in the current study the hippocampus was represented in separate 
component 1L. Because part of the alterations previously observed in the DMN in AD 
patients were located in the hippocampus (Greicius et al. 2004;Wang et al. 2006) we 
chose to include component 1L in the between-group comparisons as well. These 
 between-group comparisons of components B, G and L (corrected for age) revealed 
lower activity in MCI compared to healthy controls (F(1,28)=5.30, p=0.029) in one of 
these three components (see figure 1G). A trend towards reduced activity in the same 
network is observed in the AD patients compared to healthy subjects (F(1,36)=4.09, 
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p=0.051) and no difference is found between MCI and AD (see figure 2). The 
comparison of the healthy controls with the MCI and AD patients together in one patient 
group strengthens of the observed effect (F(1,46)=6.74, p=0.013). 
 

 
This component (1G) consists of regions extending in an arc along the intraparietal and 
superior parietal (Brodmann Area (BA) 7) to post- and precentral areas (BA 1-4), the 
cingulate cortex (BA 23/24), inferior and middle frontal gyrus (BA 44-46), middle- and 
occipitotemporal (BA 37) and peristriate cortex (BA 19). In contrast with our hypotheses 
no differences were found in the other two components consisting of the DMN (figure 
1B) and the hippocampus (figure 1L). Additionally, exploratory between-group analyses 
of the relative contribution of every subject to the remaining 17 components were 
performed; none of these components showed significant differences between groups 
(p<0.05 uncorrected). 

Figure 2: Box-plot showing group differences on 
the RSN affected by AD. The differences between 
AD, MCI and healthy controls (HC) on the subject 
variation mode of the dorsal visual-spatial attention 
system (consisting of regions extending in an arc 
along the intraparietal and superior parietal to post-
and precentral areas, the cingulate cortex, inferior 
and middle frontal gyrus, middle- and 
occipitotemporal and peristriate cortex, see 
component G in figure 1) are displayed in this box-
plot. Between-group comparisons (corrected for 
age) showed lower activity in MCI compared to HC 
(F(1,28)=5.30, p=0.029) and a trend towards 
reduced activity in the AD patients compared to HC 
(F(1,36)=4.09, p=0.051). After GM correction a 
significant decrease in activity in AD patients 
compared to HC was demonstrated (F(1,35)=5.32, 
p=0.027). Note: these box-plots show the raw data 
before correction for grey matter volume was 
applied. 
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GM volume correction: 
The GM volume within the spatial maps of all three components of interest (B, G and L) 
was decreased in AD compared to healthy subjects (component B: F(1,37)=12.44, 
p=0.001; G: F(1,37)=12.06, p=0.001; L: F(1,37)=18.63, p=0.0001) and in MCI 
compared to healthy subjects (component B: F(1,29)=12.17, p=0.002; G: 
F(1,29)=10.83, p=0.003; L: F(1,29)=11.42, p=0.002). AD and MCI did not differ on 
mean GM volume in any of the three RSNs. An additional voxel-wise analysis studying 
between-group differences in GM volume shows reduced GM volume in AD patients 
compared to healthy controls in right parallel sulcus; bilateral inferior and middle and 
left superior temporal gyrus; bilateral amygdala and hippocampus (cluster corrected 
z=3.1, p=0.01; see figure 3). MCI patients show decreased GM volume in the anterior 
cingulate; left insula; superior frontal gyrus; right orbitofrontal; bilateral amygdala; and 
right hippocampus (cluster corrected z=3.1, p=0.01; see figure 3). No differences were 
observed between AD and MCI patients. 

 
Given the GM decreases in AD and MCI we further tested whether the observed 
differences in the resting state components of interest, or lack thereof, could be 
completely explained by GM volume. Therefore, we inserted per subject the component 
specific mean GM volume as an additional covariate (next to age) in the between-group 
analysis of the three resting state components of interest. After this correction a 
significant decrease in activity within component G, the dorsal visual-spatial attention 
system, was demonstrated in AD patients compared to healthy controls (F(1,35)=5.32, 
p=0.027); no significant differences were found comparing MCI to both AD and controls. 
The difference between healthy subjects and the ‘patient’-group remained significant 
(F(1,45)=7.81, p=0.008). For the other two components no differences between groups 
were observed. 
 

Figure 3: Voxelwise comparison of
grey matter volume between AD, MCI
and healthy controls. Difference map
of grey matter volume, showing
decreased grey matter volume in AD
and MCI patients versus healthy
controls (cluster corrected z=3.1,
p=0.01). Images (cross-section in the
coronal, sagittal and axial plain) are z-
statistics overlaid on the average
high-resolution scan transformed into
standard (MNI152) space. Blue to red
are z-values; ranging from 3.1-5.0.
The left hemisphere of the brain
corresponds to the right side of the
image. 
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Correlations between RSNs, age and neuropsychology: 
We calculated (within the AD patients and healthy controls separately) whether the 
subjects’ values on RSN 1G correlated with neuropsychological scores on the tests 
showing an effect of AD (see table II). No significant correlation was observed between 
these 13 cognitive tests and the subjects’ values of both groups on RSN 1G. 
 
Discussion 
The aim of this study was to explore the effects of both MCI and AD on intrinsic brain 
activity of the DMN, the dorsal visual-spatial attention system and the hippocampus 
while additionally correcting for possible between-group differences in GM volume. To 
select these RSNs of interest no a priori template or ROI was used. Instead a whole 
brain tensor PICA approach was applied. By using tensor PICA, twenty components 
were estimated out of which three components were selected based on their spatial 
pattern as RSNs of interest: B (DMN), G (dorsal visual-spatial attention system) and L 
(the hippocampus). The between-group comparisons before GM correction revealed 
lower intrinsic activity in MCI compared to healthy subjects in the dorsal visual-spatial 
attention system (component G), which is in line with a previous resting state study of 
MCI (Sorg et al. 2007), and a trend towards reduced activity in the same network in the 
AD patients compared to healthy subjects. The comparison of healthy subjects with the 
MCI and AD patients together in one ‘patient’-group strengthened the observed effect. 
After correction for GM volume, a decrease in activity in AD patients compared with 
healthy subjects was demonstrated in the dorsal visual-spatial attention system. This 
effect was strengthened by comparing the combined patient group with healthy 
controls. The MCI group alone, however, did not show a difference anymore. It appears 
that the difference found between MCI and healthy controls before GM correction was 
mainly caused by differences in GM volume. This was not true for AD: in contradiction 
with previous studies (He et al. 2007;Johnson et al. 2000;Prvulovic et al. 2002) we 
found a stronger difference in brain activity between AD and healthy controls after 
correction for GM volume than before. The relationship between GM atrophy and 
intrinsic brain activity therefore does not appear to be straightforward. The studies by 
Johnson and colleagues (2000) and He and colleagues (2007) focused on different 
brain regions than the current study, a direct comparison is therefore not 
straightforward. Prvulovic and colleagues (2002) did focus on a similar brain system; 
one difference is that they studied task induced brain activity in stead of intrinsic 
activity. Whether that explains the inconsistency of our results is questionable. 
The average GM volume within the RSNs of interest differed greatly between patients 
and healthy controls, but not between MCI and AD. The amount of brain atrophy 
present in MCI and AD even appeared to be more substantial than the observed 
reductions in brain activity. It could be possible that resting state FMRI is more sensitive 
to brain activity changes at an earlier stage in the disease process. In MCI and AD the 
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effect of atrophy is possibly already much stronger than that of altered intrinsic activity 
but this does not have to be true at an earlier stage. 
 
Next to the well-known deficits in episodic memory many AD patients also exhibit 
problems with visual-spatial processing (Lindeboom and Weinstein 2004;Pasquier, 
1999). Consistent with previous task-related imaging studies investigating visual-spatial 
deficits in AD (Hao et al. 2005;Prvulovic et al. 2002) we found decreased activity within 
the dorsal visual-spatial attention system in AD patients. In line with the recent 
observation of decreased activity of this network during ‘resting state’ in amnestic MCI 
(Sorg et al. 2007), we observed a similar effect in AD. These findings show that MCI 
and AD related changes in brain activity can be observed without having patients 
respond to specific stimuli. This is a great benefit for clinical studies, like those studying 
dementia, as patients often have difficulties with task performance. 
 
In line with previous research (Greicius et al. 2004;Wang et al. 2006) we expected to 
find a difference in the DMN and the hippocampus (which was not a part of the DMN in 
this study). This difference was not observed. Theoretically, this could be explained by 
the characteristics of our control group and/or the analysis approach applied. In a 
previous study we found activity in the DMN to be decreased in older healthy subjects 
compared to younger subjects (Damoiseaux et al. 2007). These older subjects are the 
same subjects as included in this study. It could therefore be possible that some of 
these subjects are pre-clinical AD patients, reducing the difference between this group 
and the ‘diagnosed’ AD patients. However, we do not think this is very likely. All healthy 
subjects reported they did not have any memory or other cognitive complaints and they 
performed significantly better on our neuropsychological examination than both patient 
groups. It is therefore more probable that the difference in outcome resulted from the 
difference in analysis approach. With the comparison of the subject variation modes of 
the DMN RSN as applied in this study, the average activity within the independent 
component showing the DMN (based on the data of all subjects) is compared between 
subjects. In the approach applied by Greicius and colleagues (Greicius et al. 2004), 
independent components are calculated per subject. Out of every subjects’ components 
the best-fit to a pre-selected DMN template is chosen. These individual best-fits are 
then compared in a voxelwise GLM analysis, comparing the spatial pattern of the DMN 
between groups. To investigate whether the difference in analysis approach could have 
explained the missing effects in the DMN and hippocampus we additionally applied a 
similar method as Greicius and colleagues (2004) to our data (see supplementary 
material). The main effects of this analysis showed the spatial pattern of the average 
DMN per group, including the hippocampus (see supplementary figure 1 left side). The 
between-group analysis showed significant differences between AD patients and 
healthy controls in the left hippocampus and the left superior and inferior frontal gyrus 
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(p=0.001, uncorrected; see supplementary figure 1 right side). This is consistent with 
the report of Greicius and colleagues of an effect in the left hippocampus (Greicius et 
al. 2004). Our data therefore does show similar alterations in intrinsic brain activity as 
found previously but not all of these findings were picked up by the tensor PICA 
approach. An explanation could be that the average activity within the whole DMN as 
measured with tensor PICA does not alter in AD but the spatial distribution of this 
activity, as measured with the template matching procedure, does: it decreases in the 
left hippocampus. We also applied the approach used by Greicius to test the between-
group differences observed in the dorsal visual-spatial attention system. For this RSN 
the results were in line with the results obtained by the tensor-PICA analysis, 
decreased activity in AD and MCI compared to healthy subjects (see supplementary 
figure 2). 
 

A limitation of resting state FMRI concerns the possible confound of cardiac and 
respiratory pulsations contributing to between-group differences. It is well known that 
typical EPI sampling (2.85s in the present case) renders cardiac or respiratory 
physiological effects to be aliased. This could be problematic in studies with possible 
between group differences in cardiac and respiratory function. It is unlikely this occurred 
in the present study since no differences in pulse and respiration, which were measured 
during the resting state scan, were found between groups (see Results). Furthermore, 
by applying multiple regression techniques like ICA (as was done in this study), it has 
been shown that these cardiac and respiratory induced signal variations have a specific 
spatial pattern that can be separated from signal fluctuations of interest, even at low 
sampling rate (Beckmann et al. 2005;De Luca et al. 2006;Fukunaga et al. 2006). 
Nevertheless, residual effects of physiological noise might remain present in the data 
after ICA. However, these effects can only decrease the sensitivity of the detection of 
group-specific differences unless it is assumed that there is a difference in physiological 
noise between groups, which is not the case in the current study. 

A limitation of this study is the relatively small number of subjects included, especially in 
the MCI group. This decreases the statistical power of the analyses and limits the 
conclusions that can be drawn. When increasing the statistical power by combining the 
MCI and AD data the effects on intrinsic brain activity got stronger. This indicates that 
the deficits in brain activity in MCI patients resemble those observed in AD patients. 
The relatively small amount of subjects included in this study and the little variation in 
cognitive performance within the groups could possibly also explain the lack of 
significant correlations between activity within the dorsal visual-spatial attention system 
and neuropsychological measures. 
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In conclusion, in line with previous task-related research (Hao et al. 2005;Prvulovic et 
al. 2002) we demonstrated a decrease of intrinsic activity in the dorsal visual-spatial 
attention system in AD. Earlier resting state FMRI studies showed decreased activity in 
the DMN in AD (Greicius et al. 2004) and in both the DMN and the dorsal visual-spatial 
attention system in amnestic MCI (Sorg et al. 2007) compared to age-matched healthy 
controls. With our initial analysis we were not able to replicate the findings concerning 
the DMN but when applying a similar method as used by Greicius and colleagues (see 
supplementary material), similar results were obtained. Changes in intrinsic brain 
activity can be observed in several different medical conditions among which AD (see 
current and previous (Greicius et al. 2004) studies). Although it could appear from this 
study that brain atrophy may be more sensitive in differentiating AD and MCI from 
healthy controls, we think that intrinsic brain activity can potentially discover brain 
changes at an earlier stage in the disease process. 
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Supplementary material: 
In the current study no activity changes in the DMN in AD patients were observed. To 
investigate whether this was caused by our data-set or the analysis approach used, we 
aimed to replicate the results of Greicius and colleagues (Greicius et al. 2004) by 
applying a similar analysis procedure on the current data. 
Methods: After pre-processing (see methods section manuscript), an independent 
component analysis was run on each subjects’ 4D dataset using MELODIC 
(Beckmann and Smith 2004), a tool from FMRIB's Software Library (FSL version 
3.3(Smith et al. 2004)). To select for every subject the component that most closely 
matched the DMN, a template matching procedure was used. The RSN from the 
group-based tensor PICA analysis representing the DMN (component B in figure 1) 
was used as a template. The component with the highest value when subtracting the 
average z-score of voxels outside the template from the average z-score of voxels 
inside the template was selected as best-fit. Group statistics were performed on the 
individual best-fit components applying a second level voxelwise general linear model 
analysis. 
Results: The main effects of this analysis showed the spatial pattern of the average 
DMN, including the hippocampus, for all groups (cluster corrected z=3.1, p=0.05; see 
supplementary figure 1 left side). The between-group analysis showed a decrease in 
activity in AD patients compared to healthy controls in the left hippocampus, the left 
orbitofrontal gyrus and the left superior and inferior frontal gyrus. Activity in the right 
thalamus, right hippocampus, right calcarine sulcus and the left cuneus was decreased 
in AD patients compared to MCI; and in the hippocampus bilaterally, the left inferior 
frontal gyrus and the left lingual gyrus in MCI compared to healthy controls. No 
differences were found in the opposite contrasts. Between-group comparisons were 
thresholded at p=0.001, uncorrected; for results see supplementary figure 1 right side. 
Because the type of analysis approach used apparently affects the outcome of the 
analysis, we additionally investigated whether the results found by the tensor-PICA 
method (i.e. decreased activity of the dorsal visual-spatial attention system) can be 
replicated by Greicius’ procedure. We therefore performed the same analysis as 
described above but now on the component encompassing the dorsal visual-spatial 
attention system. The results of this analysis are displayed in supplementary figure 2. 
The main effects showed the average spatial pattern of the dorsal visual-spatial 
attention system per group (cluster corrected z=3.1, p=0.05; see left side of figure). On 
the right side of supplementary figure 2 the between-group effects are shown angular 
gyri, right orbitofrontal cortex, right hippocampus, right fusiform gyrus, left occipital pole 
and left middle temporal gyrus. Decreased activity in AD compared to MCI was found 
in bilateral postcentral gyri, superior parietal cortices, precuneus, right (p=0.001, 
uncorrected). As expected this method showed decreased activity in AD and MCI 
compared to healthy subjects in this RSN as well. In AD decreased activity compared 
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to healthy subjects was observed in bilateral pre- and postcentral gyri, occipital pole 
and middle frontal gyrus. MCI patients showed decreased activity compared to healthy 
subjects in bilateral precentral gyri, angular gyri, occipital pole, left middle frontal and 
temporal gyrus, left amygdala, left fusiforn gyrus and left temporal pole. No differences 
were found in the opposite contrasts. 

Supplementary figure 1: results from template matching procedure on DMN. (left) average DMN per
group; (right) between-group difference maps. Images (coronal, sagittal and axial view) are z-statistics
overlaid on the average high-resolution scan transformed into standard (MNI152) space. Black to yellow are
z-values; ranging from 2.0-5.0. The left hemisphere of the brain corresponds to the right side of the image. 

Supplementary figure 2: results from template matching procedure on the dorsal visual-spatial attention
system. (left) average dorsal visual-spatial attention system per group; (right) between-group difference
maps. Images (coronal, sagittal and axial view) are z-statistics overlaid on the average high-resolution scan
transformed into standard (MNI152) space. Black to yellow are z-values; ranging from 2.0-5.0. The left
hemisphere of the brain corresponds to the right side of the image. 


