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Abstract
Purpose The purpose of this study was to investigate the association between
functional connectivity and amyloid-beta depositions in the default mode network
(DMN) in Alzheimer’s disease (AD), patients with Mild Cognitive Impairment (MCI)
and healthy elderly.
Methods Twenty-five AD patients, 12 MCI patients and 18 healthy controls were
included in the study. Resting-state functional Magnetic Resonance Imaging (rsfMRI) was used to assess functional connectivity in the DMN. In parallel, amyloid
burden was measured in the same subjects using Positron Emission Tomography
(PET) with carbon-11 labelled Pittsburgh Compound-B ([11C]PIB) as amyloid tracer.
Results Functional connectivity of the DMN and amyloid deposition within the DMN
were not associated across all subjects or within diagnostic groups.
Conclusion Longitudinal studies are needed to examine if amyloid depositions
precede aberrant functional connectivity in the DMN.
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Introduction
According to the amyloid hypothesis, amyloid pathology is the main factor driving
Alzheimer’s disease (AD) pathogenesis [1]. Formation of tangles, inflammation,
oxidative stress, synaptic inefficiency and neuronal loss are thought to be secondary
to the deposition of amyloid. Using Positron Emission Tomography (PET) with the
tracer carbon-11 labelled Pittsburgh Compound-B ([11C]PIB) it is possible to measure
amyloid burden in vivo [2]. [11C]PIB is a sensitive marker of amyloid pathology in
AD patients, Mild Cognitive Impairment (MCI) patients and healthy controls [3-5].
Although there is ample evidence that amyloid pathology is closely related to AD, its
effect on brain function is not completely understood.
Functional connectivity is an analysis of global functioning of the brain. Spatially
independent brain areas that show temporally correlated sustained activity are
considered to be functionally connected [6]. One method to assess functional
connectivity is by means of resting-state functional MRI (rs-fMRI). Exploring functional
connectivity with means of rs-fMRI has the advantage that it is a non-invasive modality
to explore the brain and does not require subject interaction. When working with AD
patients, this situation is especially advantageous, since they are often not able to
participate in cognitive demanding tasks [7,8]. Previous rs-fMRI studies have shown
that AD patients have altered functional connectivity already in the early phase of
the disease [9-11]. It is believed that abnormal functional connectivity in AD might,
at least in part, explain the cognitive decline seen in these patients [12,13]. One of
the most investigated resting-state networks is the Default Mode Network (DMN).
The DMN comprises a set of brain regions that is active during rest and de-activated
when engaged in a cognitively demanding task. Furthermore, its activity has been
hypothesized to be implicated in memory function [14,15]. Regions belonging to the
DMN are the posterior cingulate, precuneus, lateral parietal, lateral temportal and
medial prefrontal cortices [14].
The areas composing the DMN show a striking overlap with regions with high amyloid
depositions [16-19]. Based on this observation, it has been proposed that there
might be a direct association between amyloid pathology and decreased functional
connectivity in AD [20]. To date, only a few studies have examined this hypothesis
and mainly in cognitive healthy subjects. It has been shown that clinically healthy
subjects with high amyloid load showed lower functional connectivity in the DMN
at rest [17,19] and during a task [18] than those with low amyloid burden. Similar
results have been found in MCI patients [21]. Based on these results it has been
proposed that ‘early manifestation of amyloid toxicity’ can be detected using functional
connectivity measures [19]. Evidence in favour of a direct relation between amyloid
deposition and functional connectivity across the continuum of AD, however, is not
completely clear.
Despite the increasing evidence of the relationship between amyloid accumulation
and functional connectivity changes in the DMN, to date, no study has been published
examining the association of amyloid depositions and functional connectivity in both
AD patients and MCI patients and comparing these to healthy controls.
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Material and methods
Participants
Twenty-five AD patients, 12 amnestic MCI patients and 18 healthy controls participated
in this study. These participants represent a subset of individuals whose fMRI data
[22] and PET data [5] has been previously been reported on. The combined analysis
this data has not been reported before. All subjects received a standard dementia
screening, which included medical history, extensive neuropsychological testing,
physical and neurologic examination, structural MRI and screening laboratory tests.
The Mini Mental State Examination (MMSE) was part of neuropsychological testing. A
multidisciplinary team assessed clinical diagnosis at baseline and at one year followup. All AD patients met NINCDS-ADRDA criteria [23] for ‘probable AD’. MCI patients
met the Petersen criteria [24] based on subjective and objective cognitive impairment,
mostly affecting memory, in the absence of dementia or significant functional loss.
AD and MCI patients were excluded when they had a history of major psychiatric
or neurologic illness (other than AD), used non-steroidal anti-inflammatory drugs
(NSAIDS), moved excessively during MRI scanning or showed clinically significant
abnormalities based on the MRI scan as determined by a neuroradiologist. Same
exclusion criteria applied to healthy controls with the addition of subjective memory
complaints. The study was approved by the Medical Ethics Review Committee of the
VU University Medical Center. Written informed consent was obtained from subjects
after receiving complete written and verbal description of the study.

PET acquisition
PET scans were obtained on an ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville,
USA), equipped with a neuro-insert to reduce the contribution of scattered photons.
This scanner enables the acquisition of 63 transaxial planes over a 15.5 cm axial
field of view, thus allowing the whole brain to be imaged in one bed position. The
properties of this scanner have been reported elsewhere [25]. To restrict patient
movement, a head holder was used. In addition, using laser beams, head movement
was checked on a regular basis. First, a 10 minutes transmission scan was acquired
in 2-dimensional acquisition mode using 3 retractable rotating line sources. This
scan was performed in order to correct the subsequent emission scan for photon
attenuation. Next, a dynamic emission scan in 3-dimensional acquisition mode was
acquired. This scan was started at the same time as the start of an intravenous
injection of 351 ± 82 MBq [11C]PIB with a specific activity of 41 ±22 GBq mmol-1. [11C]
PIB was synthesized according to a modified procedure of Wilson et al. [26]. Injection
was performed using an infusion pump (Med-Rad, Beek, the Netherlands) at a rate
of 0.8 mL s-1, followed by a flush of 42 mL of saline at 2.0 mL s-1. The emission scan
consisted of 23 frames with progressively increasing duration (1x15, 3x5, 3x10, 2x30,
3x60, 2x150, 2x300, 7x600 s), for a total scan time of 90 minutes.
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MRI data acquisition
All subjects underwent structural MRI using a 1.5 Tesla Sonata scanner (Siemens
Medical Solutions, Erlangen, Germany). Scanning included a coronal T1-weighted
3-dimensional magnetization-prepared rapid-acquisition gradient echo (MPRAGE)
sequence (echo time 3.97 ms; repetition time 2,700 ms; inversion time 950 ms;
flip angle 8°; 160 coronal slices; voxel size 1x1.5x1 mm), which was used for coregistration, region of interest (ROI) definition and anatomical registration of functional
data. For functional resting-state acquisition, participants were instructed to close
their eyes, lie as still as possible and avoid falling asleep, while lights were switched
off. Resting-state scans included 200 whole brain echo-planar (EPI) images sensitive
to BOLD contrast (echo time 60 ms; repetition time 2850 ms; flip angle 90°; 36 axial
slices; voxel size 3.3 mm isotropic). This resulted in total scan duration of 9.5 minutes.

PET data analysis
First, all PET sinograms were corrected for dead time, tissue attenuation using the
transmission scan, decay, scatter, and randoms. Next, images were reconstructed
using a standard filtered backprojection algorithm and a Hanning filter with a cut-off
at 0.5 times the Nyquist frequency, resulting in a spatial resolution of 7 mm full width
at half-maximum (FWHM) at the center of field of view [27]. A zoom factor of 2 and a
matrix size of 256x256x63 resulted in a voxel size of 1.2x1.2x2.4 mm. Structural T1images were rigidly aligned to corresponding PET images using a mutual-information
algorithm. No correction for partial-volume effects was applied to the PET data. Partial
volume effects could have lead to an underestimation of [11C]PIB BPND [28]. However,
correction using standard PVC methods is highly dependent on the actual method
being used as many uncertainties may affect accuracy and precision of (MRI based)
partial volume corrections [29]. Therefore, PVC correction was not incorporated in
the present study. As an alternative, a more conservative approach was chosen in
order to partly correct for partial volume effects; subject specific gray matter masks of
the DMN were used to calculate regional [11C]PIB binding (see section 2.7) and total
gray matter volume normalized for head size was used as covariate in all statistical
analyses (see section 2.6).
Parametric images of binding potential (BPND) of [11C]PIB were generated using a
2-step basis function implementation of the simplified reference tissue model, with
cerebellar gray matter as reference tissue (RPM2) [31]. Cerebellar gray matter
lacks Congo red– and thioflavin-S–positive plaques and therefore it was chosen
as reference tissue [31,32]. It has been demonstrated that RPM2 is the parametric
method of choice with respect to both bias and reproducibly [33,34]. Data were then
analysed using PVE-lab, a software program that makes use of a probability map
based on 35 predefined regions of interest (ROIs) [35]. ROIs were then projected onto
[11C]PIB BPND images and BPND of frontal (volume weighted average of orbital, medial
inferior, and superior frontal), parietal, and temporal (volume weighted average of
superior and medial inferior temporal) cortices and MTL (volume weighted average of
enthorinal cortex and hippocampus) and posterior cingulate cortex were calculated. A
global cortical ROI was defined, based on the volume weighted average of all regions
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mentioned above.
To give insight into amyloid-beta load, independent of diagnostic status, subjects
were divided into two groups based on their global [11C]PIB BPND values. When
individual mean global [11C]PIB BPND was higher than 0.54 subjects were assigned to
the PIB positive (PIB+) group. If values were lower than 0.54, subjects were assigned
to the PIB negative (PIB-) group. This cut-off of 0.54 of global [11C]PIB binding was
based on a study of Tolboom et al. [36]. Subjects included in this study are a subset
of subjects reported in Tolboom et al. [36]; [11C]PIB PET scans were performed and
analyzed in a similar manner. It was found that 0.54 was the optimal cut-off which
yielded 0.95 sensitivity and specificity for detecting AD, using clinical diagnosis as
reference criterion. This differed only slightly from sensitivity (1.00) and specificity
(0.85) of visual ratings.

MRI data analysis
Preprocessing of functional images was performed using FSL and included removal
of all non-brain voxels, motion correction, high pass temporal filtering of 100 s, spatial
smoothing with a Gaussian kernel of FWHM 5.0 mm and grand-mean intensity
normalisation of the entire 4D dataset by a single multiplicative factor. Individual
T1 images were registered to standard space, using a non-linear registration with
a warp-resolution of 10 mm. Next, functional data were linearly registered to the
corresponding subject’s structural T1. The resulting transformation matrices were
combined and used to project all functional data onto standard space (MNI152). For
the group analysis, a multi-session temporal concatenation ICA approach was applied
on the pre-processed data of all subjects [37], which resulted in 25 components.
From these components, the DMN was selected based on the brain regions that are
commonly defined as constituents of the DMN [15]. The DMN map obtained from
the group ICA was thresholded, using a z-score of 3.1, which is representative of a
probability p<0.001 of finding the regions belonging to the DMN was due to chance.
This thresholded DMN map was binarized and used as group-wide DMN mask.
Second, a ‘dual regression’ analysis was performed, in order to obtain subject-specific
maps based on the group DMN [38]. First, the group-level ICA spatial map was used
in a linear regression against the individual fMRI data sets (spatial regression), in
order to find temporal dynamics for each subject associated with the group-level
DMN map. This first spatial regression resulted in matrices describing temporal
dynamics for each component and subject. Second, these matrices were used in
a linear regression (temporal regression) against the associated fMRI data set to
estimate subject specific spatial maps. This second temporal regression resulted in
subject specific maps, which are still associated with the group-level spatial ICA maps
[38,39]. These subject specific maps are composed of beta-coefficients (regression
coefficients), which are representative of the strength of the association of the
temporal dynamics corresponding to the ICA spatial map for every voxel. Average
functional connectivity within the DMN was calculated for each individual by taking
average beta-coefficients within individual gray-matter DMN masks. Estimation of
these individual gray-matter DMN masks is described in detail in section 2.7. These
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average beta-coefficients within the individual gray-matter DMN masks were used
to assess group differences of DMN functional connectivity and the association of
functional connectivity with [11C]PIB binding.
Also, a more exploratory analysis was performed by examining voxel-wise
differences of functional connectivity of the DMN between diagnostic groups and
between PIB+ and PIB- subjects. For this analysis, a non-parametric significance test
– permutation – which is part of FSL (function ‘randomise’, FMRIB’s Software Library,
www.fmrib.ox.ac.uk/fsl, version 4.1.5) was performed. Age, sex and NGMV were
used as covariates. Clinical diagnosis was used as extra covariate when examining
differences between PIB+ and PIB- subjects.

Normalized gray matter volume
Gray matter volume, normalized for head size, was estimated using SIENAX ([40];
FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl). SIENAX first removes non-brain
tissue of the subject’s structural T1 image, and uses the brain and skull images
to estimate the scaling factor between the T1 image and standard space. Next, it
performs tissue segmentation in order to estimate the volume of brain tissue and
multiplies this by the estimated scaling factor, to correct for head size variability
between subjects. Normalized gray matter volume (NGMV) is representative of total
gray matter volume of the brain, after correction for head size. NGMV was used as
covariate in imaging and non-imaging statistics to correct for cortical atrophy.

Estimation of average functional connectivity and [11C]PIB binding within subject
specific gray matter DMN-masks
To calculate functional connectivity and average [11C]PIB BPND within the DMN for
each subject, the group DMN mask was used and adjusted to include only gray
matter for all individual subjects. First, individual T1-images were segmented ([41];
BET, FMRIB’s Software Library, www.fmrib.ox.ac.uk/fsl) resulting in gray and white
matter, and cerebral spinal fluid. Next, only voxels of the group DMN corresponding
to individual gray matter were selected from the group DMN mask, which resulted in a
subject specific gray-matter DMN mask. Finally, functional connectivity and average
[11C]PIB BPND binding within the individual gray-matter DMN masks was obtained.

Voxel-wise multiple regression of functional connectivity maps of the DMN with
average [11C]PIB binding in DMN
To investigate the association of [11C]PIB binding in the DMN with functional
connectivity of the DMN on a voxel level, a multiple regression analysis in SPM8
(Statistical Parametric Mapping, version 8) was performed. The regression analysis
was performed across all subjects and within groups. As PIB- MCI patients may be
more susceptible to suffer from different pathology other than AD [42], the regression
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analysis across all subjects was also performed with the exclusion of PIB- MCI
patients to best represent the continuum of AD. Age, sex, and NGMV were used as
covariates in the regression analysis. Clinical diagnosis was used as extra covariate
when performing regression analysis within PIB+ and PIB- subjects.

Non-imaging statistics
All statistical analyses were performed using SPSS (version 15.0; SPSS, Chicago,
III). A Chi-squared test was performed in order to examine frequency distributions
of sex and PIB-status within diagnostic groups. Differences between diagnostic
groups on age, MMSE and NGMV were explored using a one-way ANOVA. Group
differences between AD, MCI patients and controls in both average functional
connectivity within the DMN as well as in global [11C]PIB BPND and DMN [11C]PIB
BPND values were examined using an analysis of covariance, with age, sex and
NGMV as covariates. Group differences between PIB+ and PIB- subjects in both
average functional connectivity of the DMN as well as in [11C]PIB BPND values were
examined using an analysis of covariance, with age, sex, NGMV and diagnosis as
covariates. Post-hoc Bonferroni tests were used to correct for multiple comparisons.
The association between functional connectivity of the DMN (dependent variable)
with global [11C]PIB BPND, [11C]PIB BPND in the DMN and MMSE score (explanatory
variables) was assessed with a multiple linear regression analysis, both across
all groups and within diagnostic groups, using age, sex and NGMV as covariates.
Similarly, the association between functional connectivity of the DMN (dependent
variable) with global [11C]PIB BPND, [11C]PIB BPND in the DMN and MMSE score as
explanatory variables was assessed with a multiple linear regression analysis within
PIB+ and PIB- subjects, with age, sex, NGMV and diagnosis as covariates. A p-value
below 0.05 was considered significant.

Results
Mean age of all subjects was 65 years of which 41 subjects were male. Demographic
variables of the three diagnostic groups are listed in Table 1. Age and distribution
of sex did not differ between diagnostic groups. The DMN resulting from our group
ICA included the posterior cingulate cortex, precuneus, cuneus, bilateral parietal
cortex, angular gyrus, anterior cingulate cortex, medial frontal cortex, bilateral middle
temporal gyrus and bilateral thalamus. The group DMN mask is shown in blue in
Figure 1. The regions of the DMN, identified in our sample, are consistent with regions
normally reported belonging to the DMN [14].
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Table 1: Subject demographics.
Across subjects

AD

MCI

Controls

55

25

12

18

Age (years)

65 ± 7.2

63 ± 6

68 ± 9

67 ± 6

0.07

MMSE score

26 ± 3.2

28 ± 2

29 ± 0.6

<0.01

Male/Female

41/14

10/2

14/4

0.57

PIB+/PIB-

29/26

N

Normalized
gray matter
volume mm3

682078 ±
63094

23 ± 2

*,**

17/8
23/2

5/7

1/17

0.01

669749 ±
59823

703051 ±
68248

<0.01

*,**

672513 ±
59159*,**

p-value

Data is presented as means ± standard deviation. If analysis of variance was p < 0.05 a post-hoc Bonferroni test was performed.
* p<0.05 compared with controls ** p<0.05 compared with MCI patients

[11C]PIB BPND
Global cortical BPND of [11C]PIB was highest in AD patients, followed by MCI patients,
and lowest in controls. Similar patterns of average BPND of [11C]PIB were seen in
the DMN. A statistical difference between diagnostic groups in both global binding
and binding within the DMN was found. Post-hoc Bonferroni test revealed that AD
patients showed significant higher [11C]PIB BPND in the DMN (p<0.01) and on global
binding (p<0.01) when compared to controls. AD patients showed significant higher
[11C]PIB BPND in the DMN (p<0.01) and on global binding (p<0.01) when compared to
MCI patients. MCI patients did not differ from controls on [11C]PIB BPND in the DMN
(p=0.26) and on global binding (p=0.31).

Functional connectivity DMN in diagnostic groups
When examining average beta-coefficients within individual DMN-masks, functional
connectivity in the DMN was reduced in AD patients when compared to healthy
controls (p<0.05). No significant difference in average functional connectivity within
the DMN between AD patients and MCI patients was found (p=0.06). Also no
significant difference in average functional connectivity within the DMN between MCI
patients and controls was found (p=0.98). Voxel wise analysis showed decreased
functional connectivity in part of the posterior cingulate cortex and the medial frontal
cortex in AD patients when compared to controls (Figure 1A; uncorrected p<0.01).
Also, voxel wise analysis showed decreased functional connectivity in the posterior
cingulate cortex and medial frontal cortex, in AD patients when compared to MCI
patients (Figure 1B; uncorrected p<0.01). When corrected for multiple comparisons,
no significant voxels remained. No significant differences on a voxel-level were found
on functional connectivity of the DMN between MCI patients and controls.
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Figure 1; Voxel-wise differences of functional connectivity within the DMN between groups
were explored (uncorrected p<0.01). Differences between groups are shown in red-yellow
and are overlaid on the group DMN, shown in blue. AD patients show decreased functional
connectivity of the DMN when compared to healthy controls (A). AD patients show decreased
functional connectivity of the DMN when compared to MCI patients (B). PIB positive (PIB+)
subjects showed reduced functional connectivity of the DMN in the lateral posterior cingulate
and medial frontal cortex, when compared to PIB negative (PIB-) subjects (C). Results are
displayed on standard standard space (MNI152), 2 mm resolution, radiological orientation.
MNI-coordinates are reported in the left upper corner of the figures.

Functional connectivity DMN in PIB+ and PIB- subjects
Based on average individual global [11C]PIB BPND, 29 subjects were assigned to the
PIB+ group and 26 subjects to the PIB- group. PIB+ subjects showed reduced average
functional connectivity of the DMN when compared with PIB- subjects (p<0.05). Voxelwise exploration showed that the decreases in functional connectivity of the DMN in
PIB+ subjects compared to PIB- subjects were mainly present in small regions of the
left posterior cingulate cortex and the frontal pole (Figure 1C; uncorrected p<0.01).
When corrected for multiple comparisons, no significant voxels remained.
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Association of functional connectivity and [11C]PIB binding in DMN
No association between average functional connectivity and average [11C]PIB BPND
within the DMN was found across subjects or within the diagnostic groups, PIB+
or PIB- subjects, using nonimaging regression analysis (Table 2). The results were
not significantly altered when excluding PIB- MCI patients when examining the
association across groups. Voxelwise linear regression across subjects revealed that
decreased functional connectivity of the DMN within a small part of the posterior
cingulate cortex (Figure 2A) was related to higher levels of [11C]PIB binding in the
DMN (uncorrected P < 0.001). When excluding PIB- MCI patients from the voxelwise
across subject analysis, results were only slightly altered. We found that a smaller
region of significant voxels remained, but within the same part of the precuneus,
confirming the original effect (Figure 2B). When examining the association of [11C]PIB
in DMN with functional connectivity in the DMN per voxel in PIB- subjects only (Figure
2C), it was found that decreased functional connectivity of the DMN in the left superior
occipital cortex and a small part of the right precuneus cortex was associated with
higher binding of [11C]PIB in the DMN (uncorrected p<0.001). Voxelwise regression
analysis showed no associations of [11C]PIB in the DMN within functional connectivity
of the DMN per voxel (for uncorrected p<0.001), within patients with AD, patients with
MCI, controls, or PIB+ subjects only.
The linear relation between functional connectivity and [11C]PIB BPND in the DMN
across subjects (not correcting for age, sex and NGMV) is shown in Figure 3. Of
the 12 MCI patients, five patients converted to AD after a follow-up period of 1 year.
These MCI converters are marked in Figure 3 by a box. Three of these converted
MCI patients were in the range of AD patients on both variables, showing low
functional connectivity as well as high [11C]PIB BPND values at baseline. One of the
converted MCI patients showed increased [11C]PIB binding in the DMN but functional
connectivity still appeared in the normal range. One MCI converter did not display
increased [11C]PIB binding nor decreased functional connectivity.

Associations functional connectivity and [11C]PIB BPND in the DMN with MMSE score
No association between functional connectivity of the DMN and MMSE score across
all groups and within diagnostic groups was found (Table 2). Reduced functional
connectivity of the DMN appeared to be associated with lower MMSE score in PIB
negative subjects only, although this association was not significant (rho=0.62,
p=0.12).
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Figure 2; Multiple regression analysis of average [11C]PIB binding in the default mode network
(DMN) with voxelwise functional connectivity of the DMN (uncorrected P < 0.001) was examined
across subjects (A), across subjects with exclusion of PIB- MCI patients (B), and within PIBsubjects (C), correcting for age, sex, and normalized gray matter volume (extra correction for
clinical diagnosis in PIB subjects). Significant associations are plotted in red (uncorrected P
< 0.001) on top of the blue group DMN mask on 2-mm MNI152 space. MNI coordinates are
reported in the left upper corner of the figures.
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Table 2: Association of functional connectivity in DMN with global [11C]PIB BPND, with [11C]PIB
BPND in the DMN and global cognition (MMSE score) across subjects and within groups.
Across
subjects

Across
subjects
(excluding
PIB- MCI
patients)

AD

MCI

Controls

PIB+

PIB-

-0.21
p=0.11

-0.24
p=0.09

-0.27
p=0.24

-0.01
p=0.98

-0.22
p=0.43

-0.18
p=0.32

-0.15
p=0.52

[11C]PIB BPND -0.19
DMN
p=0.15

-0.20
(p=0.16)

-0.17
p=0.49

-0.07
p=0.87

-0.07
p=0.80

-0.12
p=0.50

-0.14
p=0.54

MMSE score

0.14
p=0.37

0.13
p=0.60

0.04
p=0.94

0.09
p=0.80

0.05
p=0.85

0.62
p=0.12

Global [11C]
PIB BPND

0.16
p=0.26

Regression analysis standardised β-coefficients (with corresponding p-values) are reported. Age, sex and total gray matter volume normalised for head size
(NGMV) were used as covariates. To assess the association within PIB+ and PIB- subjects, clinical diagnosis was used as extra covariate besides age, sex and
NGMV.

Figure 3; This scatterplot represents the association of functional connectivity of the DMN
(y-axis) with amyloid load in the DMN (x-axis) for each subject. No correction for age, gender
or NGMV is performed in this graph. MCI patients that converted to AD after one year are
represented by a box with the text ‘yes’.

Discussion
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To summarize, amyloid load in the DMN was highest in AD patients, intermediate
in MCI patients and lowest in controls. Reduced functional connectivity of the DMN
was found in AD patients when compared to controls, which seemed to be most
pronounced in the posterior cingulate and medial frontal cortex. Similar, reduced
functional connectivity of the DMN was found in PIB+ (positive) subjects when
compared to PIB- (negative) subjects, independent of clinical diagnosis, which was
mainly expressed in the left posterior cingulate cortex and the frontal pole. With respect
to our main research question; no direct association of functional connectivity of the
DMN with amyloid depositions within the DMN across the spectrum of Alzheimer’s
disease was found. Our more exploratory, voxel-wise regression analysis, did show
reduced functional connectivity in parts of the DMN associated with lower levels of
amyloid in the DMN in PIB- subjects only. Combining both techniques in early stages
of the disease might still provide complementary information about conversion to AD.
To the best of our knowledge, this is the first study to examine functional connectivity
and its association with amyloid in both AD patients and MCI patients and compare
this to healthy controls.
The DMN was chosen as target of our study because of its involvement in memory
function and its overlap with regions that have high amyloid build-up [16].The brain
regions found to be part of the DMN in our dataset are consistent with earlier reports
[14]. The group DMN in our study was identified using ICA based on our entire
sample, including both healthy controls and patients. To identify subject-specific
representations of the DMN, the ICA was followed by a dual-regression analysis.
Other studies perform ICA on an independent group of healthy controls, in order to
identify the DMN and exclude possible influence of patients on the shape and extent
of the DMN [43]. The dual regression analysis performed in this study is designed to
find subject-specific maps based on individual time activity patterns corresponding
to the areas of the group DMN [38]. Using this methodology we were still able to
identify the DMN with an anatomical pattern similar to the one found in controls. We
found that functional connectivity of the DMN was decreased in AD patients, when
compared to controls. By combining all subjects in our ICA, we might end up with
more conservative results when describing decreased functional connectivity in AD
patients.
Highest [11C]PIB BPND values in the DMN were found in AD patients and lowest
values in controls, with intermediate values in MCI patients, which is in agreement
with studies examining global [11C]PIB BPND values [4]. With respect to functional
connectivity, we confirm earlier results describing reduced functional connectivity
of the DMN in AD patients when compared to controls [10,22]. Voxel-wise analysis
revealed that decreases in functional connectivity of the DMN in AD patients compared
to controls were present in posterior part of the cingulate cortex and the medial frontal
cortex. These findings on a voxel-level should be made with caution; after correction
for multiple comparisons, no significant voxels remained. These results overlap
partly with findings of Binnewijzend et al. [22] and Sanz-Arigita et al [11]; functional
connectivity decreases of the DMN in AD patients when compared to controls were
found in the posterior cingulate cortex and precuneus.
No association of functional connectivity in the DMN with amyloid load in the DMN
was found. A similar lack in association with functional connectivity of the DMN was
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found with global cortical amyloid load. Reduced average DMN-functional connectivity
was not associated with increased [11C]PIB binding across all subjects, nor within
diagnostic groups. The, more exploratory, voxel-wise regression analysis showed
that increased [11C]PIB binding in the DMN was related to decreased functional
connectivity of the DMN in the posterior cingulate cortex across all subjects, which
was probably averaged out by our non-imaging regression analysis. The association
across groups found on a voxel-level might reflect a group effect; AD patients show
decreased connectivity and increased amyloid load in the DMN compared to controls.
Other studies did report a relationship of global functional connectivity with amyloid
depositions in the precuneus/posterior cingulate across groups, which remained
significant after correction for gray matter volume [21]. This difference could be due
to the fact that a global measure of functional connectivity might be more sensitive in
detecting changes in overall organization in relation to amyloid load. This is discussed
in more detail below.
No association between functional connectivity of the DMN and amyloid depositions
was found within diagnostic groups. Combining both [11C]PET and fMRI in certain
subjects at risk for AD (MCI patients) might still provide insight in progression to AD,
even though we did not find a direct relation between both measures. Five of the
twelve MCI patients in our study converted to AD after one year; of which one subject
was not PIB positive at baseline. It is important to note that not all MCI patients
convert to AD and might also reflect different underlying pathologies. Three of the five
converted MCI patients were in the range of AD patients on both variables, showing
low functional connectivity as well as high [11C]PIB BPND values at baseline. However,
the other two MCI patients that converted to AD showed different patterns. Larger
samples of MCI patients that either convert to AD or remain stable are necessary
to explore the additional value of combining [11C]PIB PET and resting-state fMRI for
progression to AD.
As was mentioned above, the fact that no associations between functional connectivity
of the DMN and amyloid depositions were found within diagnostic groups could be
due to the small number of subjects or the low variance in [11C]PIB binding seen in AD
patients and in controls. Importantly, amyloid accumulation in AD patients reaches a
plateau, while neuronal dysfunction still worsens [44]. Therefore, in AD patients, a
direct association of amyloid-beta with functional connectivity might not be expected.
This makes amyloid load perhaps more suitable as an “on-off” variable and not as
continuous variable, especially when examining AD patients. Therefore, subjects
were either classified as PIB+ (positive) or PIB- (negative), independent of clinical
diagnosis. In small areas in the right posterior cingulate cortex and the medial frontal
cortex functional connectivity of the DMN was found to be decreased in amyloid
positive subjects when compared to amyloid negative subjects. This agrees with
previous findings, decreases in DMN connectivity were observed in healthy elderly
with high amyloid load when compared to healthy elderly with low amyloid [17-19].
In our study, MCI and AD patients were also included in the PIB positive group, so
comparisons with other studies focussing only on healthy elderly should be made with
caution. The general trend seems to be similar; subjects with increased amyloid load
show decreased functional connectivity of the DMN, where the posterior cingulate
cortex, precuneus and medial prefrontal cortex are most affected. Our voxel-wise
regression analysis showed that in PIB negative subjects, amyloid burden in the DMN
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seemed to be related to decreased functional connectivity in the left occipital cortex
and in the precuneus. This association in PIB negative subjects was not confirmed
by our non-imaging regression, but this could be because the effect was averagedout. In PIB positive subjects no association was found. As mentioned earlier, this lack
of association is probably due to the fact that the PIB positive subjects have already
reached their ‘plateau’ with respect to amyloid binding.
Drzezga and colleagues [21] described the direct correlation between whole-brain
functional connectivity and amyloid depositions but also included [18F]FDG PET as
a measure of metabolism. An important difference is that in the study of Drzezga
et al. [21] global functional connectivity of the brain was examined, where in our
study only connectivity of a single resting-state network was examined. Whole brain
connectivity was negatively correlated with amyloid load as measured with [11C]PIB
in both healthy controls and MCI patients [21]. In addition, decreased whole-brain
functional connectivity showed a high overlap (42%) with decreased metabolism
as measured with [18F]FDG PET. Decreased metabolism in the posterior cingulate
cortex was related to increased [11C]PIB binding within this same region, pointing
towards neuronal dysfunction leading related to the presence of amyloid [21]. The
authors hypothesize that emerging amyloid load may initiate the synaptic dysfunction
and disrupted functional connectivity in these important hub regions.
Several studies have described that accumulation of amyloid is followed by synaptic
dysfunction, neuronal loss and finally resulting in cognitive dysfunction [1,44].
In contrast, others have suggested that increased neuronal activity might lead to
amyloid accumulation [16]. Using transgenic mouse models, it has been shown that
neuronal activity will increase the presence of amyloid in the extracellular space and
synaptic transmission enhances amyloid precursor protein (APP) endocytosis, which
in turn results in increased amyloid depositions [45]. This would explain why the
regions of the DMN are especially vulnerable to amyloid depositions; the DMN is
composed of very active and highly connected brain regions that are continuously
mediate information throughout the entire brain [20]. It has been reasoned that most
changes in amyloid accumulation and neuronal dysfunction occur in pre-AD stages
[44]. Investigation of longitudinal changes on functional connectivity and amyloid
load in healthy elderly who are amyloid positive and MCI patients would therefore
provide best insight into order of events. This study was not designed to make any
statements concerning order of events. Larger samples and follow-up measurements
including both imaging methods are needed.

Limitations and future recommendations
The added difficulty of combining both MRI and PET techniques limits the number
of subjects under study. Second, NGMV was used as covariate in statistical analysis
in order to correct for atrophy, which is especially important in the AD population.
Gray matter loss will probably affect [11C]PIB binding, but only by diminishing the
effect in AD patients. The opposite is true for functional connectivity, which could
result in making the correlations reported in this study seem stronger than they
truly are. Therefore we chose for the conservative approach of gray matter volume
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correction. For this study only functional connectivity of the DMN was examined, not
taking into account functional connectivity in other networks. It has been proposed
that enhanced activity might result in an increase in amyloid burden, which, in turn
could result in reduced functional connectivity through neuronal cell death on a later
stage. To explore this last hypothesis, a longitudinal analysis in an MCI population
(taking into account AD converters and non-converters) or healthy elderly with high
amyloid load will be necessary. Finally, other measures of AD pathology, for example
measures of metabolism might provide additional information on the changes in
functional connectivity.

Conclusion
In this study, decreased functional connectivity of the DMN and amyloid build-up in
the DMN were not directly associated along the continuum of AD pathology.
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