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Abstract

Background/Purpose: Brain function changes with Alzheimer’s disease (AD) progression. Evaluating those
changes longitudinally is important to understand the complex relationships between brain pathologies and cogni-
tion. We aimed (1) to identify longitudinal changes in functional connectivity in patients with mild cognitive impair-
ment (MCI) characterized for amyloid-b (Ab) status and (2) to relate these functional changes to clinical progression.
Methods: Forty-four patients with MCI were followed using serial functional magnetic resonance imaging
(fMRI) over 1.2 years (three sessions) and cognitive testing over 3.1 years (five sessions). Intra and inter-network
connectivities were computed to assess changes in brain connectivity using a network atlas adapted for late adult-
hood. Sixteen low-Ab clinically normal older adults underwent a single fMRI session for group comparisons at
baseline. Linear mixed-effects models with random intercept and slope were used to predict changes in connec-
tivity based on Ab status and progression to dementia.
Results: At baseline, intra and inter-network resting-state fMRI connectivities did not differ by baseline clinical
diagnosis, Ab status, or clinical progression to dementia. At the final imaging session, progressive MCI had sig-
nificantly higher connectivity compared with stable MCI, specifically within the default-mode network (DMN).
Longitudinally, progressive MCI had increasing intra-DMN connectivity over time compared with stable MCI,
and the rate of changes in connectivity was significantly associated with the rate of cognitive decline.
Conclusions: Intra-DMN connectivity increases in MCI patients progressing toward dementia, suggesting aber-
rant synchronization in the symptomatic stages of AD.
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Changes in functional connectivity occur in the course of Alzheimer’s disease. We observed a progressive increase over time
in resting-state functional connectivity within the default-mode network in patients with mild cognitive impairment who pro-
gressed to dementia. The rate of connectivity increase was significantly associated with the rate of cognitive decline. The
observation of increased functional connectivity during the progression to dementia, and not only in the pre-clinical stage,
is interpreted as an aberrant synchronization rather than a compensation mechanism.
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Introduction

Alzheimer’s disease (AD) is a progressive neurodegen-
erative disorder leading to dementia. AD pathology is

characterized by senile plaques including amyloid-b (Ab) fi-
brils that can be visualized in vivo using positron emission
tomography (PET) (Klunk et al, 2004). It is now widely ac-
knowledged that the first symptoms of AD pathology appear
before the dementia stage, defining a prodromal stage with
mild cognitive impairment (MCI) (Albert et al, 2011).
Studying biomarker changes in this population is important
as outcomes in therapeutic trials and for better understanding
disease mechanisms. During the progression from MCI to
AD dementia, structural and functional changes occur in
the brain, which can be disclosed with either magnetic reso-
nance imaging (MRI) or PET. Previous studies have demon-
strated that clinical progression to dementia is associated
with progressive atrophy (Edmonds et al, 2020) and glucose
hypometabolism (Landau et al, 2011).

Resting-state connectivity, measuring brain activity at
rest using functional MRI (rs-fMRI), has been proposed
as another functional biomarker than PET (Greicius et al,
2004), but cross-sectional studies have reported conflicting
results: some demonstrating decreasing (Wang et al, 2013;
Zhou et al, 2008; Zhu et al, 2013) and other increasing
(Esposito et al, 2013; Gardini et al, 2015; Zhang et al,
2012) functional connectivity within the default-mode net-
work (DMN) over the course of the disease.

These discrepancies may originate in nonlinear changes
over time with various levels of connectivity depending on
the disease stage; for instance, connectivity might be in-
creased in the pre-clinical stage of AD, and then decrease
with cognitive decline (Schultz et al, 2017). Longitudinal
studies are needed to appropriately test these hypotheses;
but so far, very few longitudinal rs-fMRI studies have been
carried out in the AD continuum ( Jovicich et al, 2019;
Schultz et al, 2020). Specifically, studying progression to de-
mentia is important to understand the functional changes
associated with clinical decline but no longitudinal resting-
state studies were carried out in patients followed from the
MCI to the dementia stage.

We therefore investigated longitudinal changes in rs-fMRI
connectivity in MCI patients, characterized for both Ab sta-
tus and clinical progression to dementia after an average 3-
year follow-up. Our aim was to disentangle the effect of
Ab status and clinical progression on changes in rs-fMRI
connectivity, considering volume effects owing to aging
and AD pathology.

Methods

Participants

Sixty older nondemented participants (age 57–83) were
enrolled in a monocentric longitudinal rs-fMRI study (see
Table 1 for demographic and cognitive data). Sixteen par-
ticipants were clinically normal (CN) low-Ab controls,
recruited by advertisement, and 44 were patients with
MCI who first attended our clinic between January 2012
and December 2018.

Inclusion criteria for MCI patients were cognitive com-
plaints, confirmed by a relative and a neurologist, a Mini-
Mental State Exam (MMSE) score ‡24/30, and a performance

below the 10th percentile (composite z-score less than �1.3)
of an independent age-matched control group in any of the fol-
lowing cognitive domains: memory (Free and Cued Selective
Reminding Test, French version) (Van der Linden et al, 2004),
language (Lexis Naming Test, the Category Fluency Test for
animals, and the Letter Fluency Test for the letter ‘‘P’’) (de
Partz et al, 2001), executive functions (Trail Making Test,
Luria’s Graphic Sequences (adaptations in French, unpub-
lished), and the visuospatial functions (Clock Drawing Test
and the Praxis part of the Consortium to Establish a Registry
for Alzheimer’s Disease battery) (Morris et al, 1988; Rouleau
et al, 1992).

Exclusion criteria were dementia (DSM-IV criteria),
focal brain lesions, major depression or psychiatric dis-
eases, alcohol or drug abuse, and autosomal-dominant mu-
tations (PS1, PS2, and APP), which were systematically
searched for in patients younger than 65 years. Participants
had annual clinical follow-up including MMSE and per-
formed neuropsychological evaluation every other year
after baseline. Two neurologists (B.H./A.I.), blinded to
the fMRI results, with >10 years of experience of Memory
Clinics made consensus dementia diagnoses using all the
clinical and cognitive data available. MMSE <24/30 and
abnormal testing in two cognitive domains was required
for the patient to be considered demented. Written informed
consent was obtained from each participant. The study was
approved by the local ethics committee (Eudra-CT number:
2011-001756-12).

Brain MRI

Three-dimensional (3D) T1-weighted images were recorded
at 3T (Achieva; Philips Healthcare) with a 32-channel phased-
array head coil. A total of 150 sagittal slices were acquired
using the following parameters: repetition time (TR)/echo
time (TE)/flip angle (FA) 9.1 msec/4.6 msec/8�; slice thickness
1 mm; resolution 0.81 · 0.95 mm2 (acquisition) reconstructed in
0.75 · 0.75 mm2; field of view 220 · 197 mm2; acquisition ma-
trix 296 · 247; sensitivity encoding factor 1.5 (parallel imag-
ing). The patients and the control group were scanned using
resting-state (eyes closed) MRI using repeated single-shot
echo-planar imaging. Scanner noise was attenuated using
foam earplugs. The following parameters were used: TE = 30
msec, FA = 90�, in plane resolution = 3.438 · 3.438 mm2, 35
slices acquired in an ascending order, slice thick-
ness = 3.44 mm, TR = 2000 msec, and number of TR = 200
(6 min 40 sec).

The MRI data were analyzed using BrainVoyager (Version
21.4; Brain Innovation, Maastricht, The Netherlands). Pre-
processing of the resting-state data consisted of a linear
trend removal to exclude scanner-related signal drift, tempo-
ral high-pass filter to remove frequencies <0.005 Hz and cor-
rection for head movements using a rigid body algorithm for
rotating and translating each functional volume in 3D space.
Data were also corrected for time differences in the acquisi-
tion of the different slices. Data were co-registered with their
3D T1-weighted scans and normalized in the MNI space. All
co-registrations were verified manually and movement cor-
rections were optimized, using a sinc interpolation. Because
spontaneous low-frequency fluctuations are not exclusively
blood-oxygen-level dependant-related fluctuations, but are
also contaminated by non-neural signals (i.e., artifacts),
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several additional preprocessing steps were added to remove
these undesirable sources of variance.

Regression analyses were performed to remove artifacts
owing to residual motion (the six movement regressors were
obtained via rigid body correction of head motion as imple-
mented in BrainVoyager) and changes in ventricles (the signal
from a ventricular region of interest defined in each partici-
pant). The final data were smoothed in the spatial domain
(Gaussian filter: full width at half maximum = 5 mm) and cor-
rected for volume effects. We used BrainVoyager and a cus-
tomized MATLAB code (R2016b v9.1; MathWorks) to
calculate cross-correlations between the average time-course
signals. Functional time-courses were measured in 50 brain
regions; and regional time-courses were averaged in meta-
regions (or network subdivisions) that were shown to have sim-
ilar time-courses in a data-driven analysis of CN older adults
(Doucet et al, 2021).

The functional brain networks defined in late adulthood by
Doucet et al, (2021) included: The DMN (four subdivisions);
the Executive Control Network (ECN, four subdivisions);
the sensorimotor network (SMN, four subdivisions); the vi-
sual network (VIS, two subdivisions); and the salience net-
work (SAL, one subdivision). Inter-network connectivities
were computed by correlating the time-course signal be-
tween any pair of two networks. Intra-network connectivities
were obtained for the first four networks by correlating the
signal between pairs of subdivisions within each network
(one pair for VIS; six pairs averaged for DMN, ECN, and
SMN). The intra-salience connectivity could not be evalu-
ated because it only included one subdivision. In addition,
we evaluated anterior and posterior intra-DMN connectivity
by restricting the analyses to the regions anterior or posterior
to the y = 0 axis (corresponding to the central sulcus, separat-
ing the frontal from the parietal lobe).

Structural MRI data were segmented by completing the
FreeSurfer (v6.0) image analysis pipeline (Fischl, 2012). We
normalized hippocampal volume (HV) to the intracranial vol-
ume (ICV), using a residual correction approach (equation:
normalized HV = raw HV � b · (ICV � mean ICV), where
b is the regression coefficient between HV and ICV in the
CN group; ICV, the actual ICV value of each participant;
and mean ICV, the average ICV in the CN group) (Hanseeuw

et al, 2016; Ivanoiu et al, 2015). An average of 3.3 MRI ses-
sions per MCI patient (min: 2, max: 4) was acquired.

[18F] Flutemetamol PET imaging

At study start, [18F] flutemetamol (now marketed as
Vizamyl�; GE Healthcare) was proposed as an investiga-
tional medicinal radiopharmaceutical drug, being studied clin-
ically as an Ab-imaging agent. Ninety minutes after
intravenous injection of [18F] flutemetamol (target activity
185 – 5 MBq), a 30-min list-mode PET/computed tomography
acquisition was performed on a Philips Gemini TF (Philips
Healthcare) and reconstructed as a dynamic scan of
6 · 5 min with 2-mm isometric voxels including attenuation,
scatter, decay corrections, and time-of-flight information
using the manufacturer’s standard reconstruction algorithm.
No partial volume correction was applied to the data.

PET semiquantitative data were computed using the Centi-
loid pipeline provided in the PNEURO software (v3.9; PMOD
LLC Technologies) using the ratio of the Centiloid cortical
volume-of-interest and whole cerebellum to obtain SUVr-
Centiloid that were subsequently converted on the Centiloid
Scale using the equation: Centiloid = 116.0 · SUVrCentiloid
�113.9 (Hanseeuw et al, 2021; Klunk et al, 2015). A thresh-
old of Centiloid >26 was used to define high Ab among pa-
tients; patients below that threshold were considered as
Low-Ab. This CL cutoff was based on previous work predict-
ing progression to dementia 5 years after PET (Hanseeuw
et al, 2021). We only included CN with low Ab PET results
and used their fMRI results as an age-matched control group.

Statistics

We first compared baseline intra- and inter-network con-
nectivity measures between Low-Ab CN, Low-Ab MCI,
and High-Ab MCI using multiple linear regressions. We
then compared baseline connectivity measures between
MCI patients who progressed to dementia and the ones
who remained clinically stables during the follow-up. Finally,
we used linear mixed-effects models with random intercept
and random slope to predict changes in connectivity based
on baseline Ab status and progression to dementia. All ana-
lyses were adjusted for baseline age, sex, education, and

Table 2. Cross-Sectional Results

Intra-network
resting-state
connectivity

Baseline MRI observation Last MRI observation

MCI >< CN
High-Ab >< low-

Ab MCI
Progressive >< stable

MCI
High-Ab >< low-

Ab MCI
Progressive >< stable

MCI

DMN �0.03 – 0.03 0.01 – 0.04 �0.02 – 0.03 0.01 – 0.04 0.09 – 0.03
p = 0.40 p = 0.73 p = 0.63 p = 0.82 p = 0.007a

ECN �0.02 – 0.04 0.04 – 0.05 0.03 – 0.04 0.05 – 0.04 0.05 – 0.04
p = 0.53 p = 0.42 p = 0.41 p = 0.29 p = 0.21

SMN �0.06 – 0.03 �0.07 – 0.04 7.7e�04 – 0.04 0.03 – 0.04 0.06 – 0.04
p = 0.09 p = 0.09 p = 0.98 p = 0.51 p = 0.13

VIS �0.09 – 0.05 �0.01 – 0.07 � 4.1e�03 – 0.07 0.10 – 0.04 0.05 – 0.04
p = 0.10 p = 0.92 p = 0.95 p = 0.02b p = 0.23

Values are b-estimates – standard errors in linear regression models predicting resting-state connectivity. Covariates: age, sex, education,
APOE status. CN only had baseline imaging session; therefore the MCI versus CN comparison was only conducted on the baseline MRI data.

ap < 0.01; bp < 0.05.
DMN, default-mode network; ECN, executive control network; MRI, magnetic resonance imaging; SMN, sensorimotor network; VIS,

visual network.
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FIG. 1. The data of MCI patients progressing to dementia (red) or remaining clinically stable (blue) is plotted over time
using linear mixed-effect models. To provide a reference from a normal, control group, we have plotted the baseline data of
Low-Ab clinically normal older volunteers (black point at time = 0). These volunteers have not been followed over time with
imaging. Ab, amyloid-b; MCI, mild cognitive impairment.
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apolipoprotein E4 genotype status. When comparing Low-
Ab and High-Ab participants, models were conducted with
and without E4 status as covariate, to evaluate the contribu-
tion of genotype to the results. All statistical analyses were
computed in MATLAB.

Results

Characteristics of the participants

The 60 participants were grouped according to baseline Ab
status and progression to dementia. The 16 CN were all Low-
Ab and clinically stable after an average 2.8 years of cognitive
follow-up. Among the 44 MCI patients, 21 had negative scans
(Centiloid £26), including five (24%) who progressed to de-
mentia after an average of 3.7 years. Twenty-three MCI had
positive scans (Centiloid ‡27), including 10 (43%) who pro-
gressed to dementia after 3.3 years (Table 1). As expected, a
higher proportion of E4 carriers was observed in the High-
Ab patients, but the proportion of E4 carriage was similar be-
tween stable and progressive MCI having the same Ab status
( p > 0.10). Progressive High-Ab patients had significantly
lower MMSE and hippocampal volume at baseline than stable
patients. Progressive Low-Ab patients were significantly older
than the control participants and the stable Low-Ab patients.
The delay between cognitive assessment and imaging, and
the duration of imaging follow-up were similar between pa-
tients’ groups ( p > 0.10).

Cross-sectional imaging analyses

At baseline (Table 2, left), intra-network rs-fMRI con-
nectivities did not depend on clinical diagnosis, nor Ab
status ( p > 0.10). No differences were observed in inter-
network rs-fMRI either ( p > 0.10). Similarly, hippocampal
volumes were not different between clinical groups and
hippocampal volumes were not significantly correlated
with resting-state connectivity ( p > 0.10). Intra- and inter-
network rs-fMRI connectivities at baseline were not dif-
ferent between patients who would subsequently progress
to dementia and patients who would remain clinically sta-
ble. In conclusion, no-between groups differences were ob-
served at baseline.

At the final imaging session (Table 2, right), progressive
MCI (connectivity = 0.67) had significantly higher intra-
DMN rs-fMRI connectivity compared with stable MCI
(0.58, p = 0.007), indicating increased connectivity at the de-
mentia stage. We next inquired whether this result was ob-
served in the spectrum of AD, that is, by focusing only on
High-Ab MCI, and observed that progressive High-Ab pa-
tients had marginally higher intra-DMN rs-fMRI compared
with stable High-Ab MCI at the final imaging session
(b = 0.05 – 0.03, p = 0.08); thus, approximately when they
reached the mild AD dementia stage.

In contrast with progression status, the Ab status was not
associated with differences in DMN rs-fMRI connectivity at
the final follow-up session, but with higher rs-fMRI connec-
tivity within the VIS in the Ab-positive MCI ( p = 0.02,
Table 2). No differences were observed in inter-network con-
nectivity between Ab groups or between progression groups.
In conclusion, we observed no differences in connectivity at
baseline, when patients had MCI; but we observed increased
connectivity within the DMN at the final follow-up in the pa-

tients who progressed to dementia, suggesting an increase in
intra-DMN connectivity during clinical progression from the
MCI to the dementia stage.

Longitudinal imaging analyses

We next aimed to confirm this hypothesis of increased
connectivity during clinical progression, by investigating
longitudinal changes in rs-fMRI connectivity. We observed
that progressive MCI had increasing intra-DMN connectivity
over time compared with stable MCI in linear mixed-effect
models ( p = 0.006; Fig. 1 top left plot), but no significant
changes were observed in other networks (Fig. 1, top right
and middle row plots and see Table 3 for statistics). Further-
more, we analyzed the anterior and the posterior DMN sep-
arately and observed that the increase in connectivity over
time in progressive MCI patients was mainly driven by its
anterior part ( p = 0.008), whereas the increase in the poste-
rior part was not significant.

Of note, hippocampal volumes and MMSE decreased sig-
nificantly over time in both stable and progressive MCI,
MMSE decreasing faster in progressive than in stable MCI
(Fig. 1, bottom row). In contrast with progressive status,
the Ab status was not associated with changes in DMN
rs-fMRI connectivity, but with a progressive increase in
rs-fMRI connectivity within the SMN network in the Ab-
positive MCI ( p = 0.03; Table 3), driven by a marginal dif-
ference at baseline ( p = 0.09; Table 2). Using continuous
Centiloid values instead of Ab grouping provide similar re-
sults, with no changes in DMN but an increase in SMN rs-
fMRI connectivity observed at higher Centiloid values.

We finally aimed to correlate changes in intra-DMN con-
nectivity with cognition and atrophy, and evaluate the possi-
bility that a few outliers could account for the increased
connectivity observed in progressive MCI. We first observed
that lower baseline MMSE predicted a future increase in
intra-DMN functional connectivity (Fig. 2, top left plot),
and a progressive decrease in MMSE was significantly asso-
ciated with a concurrent increase in intra-DMN connectivity

Table 3. Longitudinal Results

Intra-
network
resting-state
connectivity

Predicting connectivity changes over time
in MCI grouped by Ab or progression status

High-Ab >< low-
Ab MCI

Progressive >< stable
MCI

DMN 0.02 – 0.03 0.08 – 0.03
p = 0.42 p = 0.006a

ECN 0.01 – 0.03 0.04 – 0.03
p = 0.84 p = 0.23

SMN 0.08 – 0.04 0.06 – 0.04
p = 0.03b p = 0.12

VIS 0.05 – 0.05 0.04 – 0.04
p = 0.28 p = 0.36

Values are b-estimates – standard errors in linear mixed-effect
models predicting resting-state connectivity over time with random
intercepts and slopes. Covariates: age, sex, education, APOE status,
all interacting with time. b-estimates and p-values are reported for
the interactive term Time · Ab status (left column) or Time · Pro-
gression status (right column).

ap < 0.01; bp < 0.05.
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(Fig. 2, top right plot). We did not identify specific outliers
driving this negative association. However, baseline and
change in hippocampal volume were not significantly associ-
ated with functional connectivity changes (Fig. 2, bottom
plots). In conclusion, increasing connectivity within the
DMN in patients with MCI was associated with progressive
cognitive decline and dementia diagnosis, but not with hip-
pocampal atrophy.

Discussion

In this article, we analyzed changes over time in functional
connectivity in patients with MCI who either progressed to
dementia or remained clinically stable. Surprisingly, we ob-
served a progressive increase in connectivity within the
DMN in the patients progressing to dementia, a result that
was confirmed when repeating the analysis only in the 10
High-Ab patients who progressed to AD dementia. In con-
trast, the patients who remained clinically stable 2 years

after the last MRI session, including 13 High-Ab patients,
did not demonstrate such an increase in intra-DMN connec-
tivity. The rate of changes in connectivity was also signifi-
cantly associated with cross-sectional and longitudinal
measures of cognitive decline, but not hippocampal atrophy.
Consistent with the longitudinal observations, we observed
higher DMN connectivity in the demented patients than in
the stable MCI patients at the last MRI session. Besides
changes within DMN connectivity, we did not observe
changes within or between networks leading to significant
differences between stable and progressive MCI patients.

Most of the current literature is based on cross-sectional func-
tional connectivity studies. Initial reports observed decreased
functional connectivity from the pre-clinical AD stage (Hedden
et al, 2009; Sheline et al, 2010), that is, in High-Ab CN versus
Low-Ab CN individuals. Since then, many studies have
reported either decreased (Hahn et al, 2013; Li et al, 2016;
Wang et al, 2013; Zhu et al, 2013) or increased brain connectiv-
ity (Esposito et al, 2013; Gardini et al, 2015; Zhang et al, 2012).

FIG. 2. b-Estimates and p-values are computed adjusting for the dependent variable’s baseline measure (e.g., baseline
MMSE when predicting MMSE change). Hippocampal volume estimates are provided in mm3, using a · 10�3 factor for
easy conversion in cm3. MMSE, Mini-Mental State Exam.
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Overall, the discrepancies between studies have been inter-
preted as a staging effect, with an increased connectivity
stage occurring early in the disease course, followed by a de-
crease in connectivity at the dementia stage.

A compelling argument in favor of this hypothesis is the
observation of increased connectivity in the DMN and
SALs among High-Ab CN individuals with low neocortical
tau levels, whereas High-Ab CN individuals with high Tau-
PET signal had decreased connectivity in these networks
(Schultz et al, 2017). Consistently, decreased inter-network
connectivity of the DMN in pre-clinical AD was shown pre-
dictive of subsequent cognitive decline in the next few years
(Buckley et al, 2017; Van Hooren et al, 2018).

In MCI patients, initial reports also indicated decreased
DMN connectivity compared with CN (Agosta et al,
2012; Zhu et al, 2013) and further decrease in demented pa-
tients (Wang et al, 2015). However, other studies observed
increased intra-network DMN connectivity in AD patients
compared with CN (Gardini et al, 2015), suggesting that in-
creased connectivity could appear or remain in symptom-
atic AD. A recent meta-analysis stated that the pattern of
altered resting-state DMN function or connectivity in
MCI is complex and variable across studies, concluding
that no index of DMN connectivity qualifies as a useful bio-
marker of MCI or risk factor for AD (Eyler et al, 2019). To
summarize, cross-sectional studies are not conclusive as
hyper- and hypoconnectivity patterns have been observed
at different stages of the disease, stressing the importance
of conducting longitudinal fMRI studies to further address
the issue.

To the best of our knowledge, before the present study,
only two longitudinal fMRI studies were conducted in MCI
patients. First, a 2-year follow-up study compared High-Ab
with Low-Ab MCI and observed in the High-Ab group a pro-
gressive increase in functional connectivity in the left parie-
tal cortex, and a progressive decrease in the posterior
cingulate cortex, both within the DMN network ( Jovicich
et al, 2019). A second 3-year follow-up study found a pro-
gressive decrease in DMN-salience connectivity in High-
Ab compared with Low-Ab MCI (Schultz et al, 2020).
Both studies classified participants by Ab status, but the
first one focused analyses on the connectivity within the
DMN, whereas the second one reported results between the
DMN and the SAL.

It is possible that over the course of the disease, connectiv-
ity changes differently within and between networks. Specif-
ically, if brain activity decreases concurrently in the same set
of regions (within a network), we may observe correlated ac-
tivity between regions, and thus increased within network
connectivity, a phenomenon that we defined as aberrant syn-
chronization. We therefore analyzed both between- and
within-network connectivity and did not observe significant
changes according to Ab status. Of note, at the final imaging
session, the High-Ab MCI patients had higher connectivity
in the VIS than the Low-Ab MCI patients, but this result
was not replicated in our longitudinal analyses.

Schultz et al (2020) observed decreased connectivity between
the DMN and the SAL in High-Ab MCI, but this connectivity
change was not associated with cognition or hippocampal vol-
ume. In contrast, we observed no difference in the DMN-SAL
connectivity between Low and High-Ab MCI patients, but we
observed an association between increase in intra-DMN connec-

tivity and progressive cognitive decline, suggesting that clinical
progression was associated with an aberrant synchronization
within the DMN. Of importance, none of these previous longi-
tudinal studies specifically addressed the transition from MCI to
AD dementia, possibly because of lower rates of clinical pro-
gression (Schultz et al, 2020) than in our sample.

Of note, Jovicich et al (2019) recruited 22 patients who
progressed to dementia, all with pathological tau/Ab ratio.
Their data, just as ours, demonstrated decreasing intra-
DMN connectivity in the stable, biomarkers-negative, pa-
tients (vs. the positive cases who had increased connectivity
in the left parietal cortex). The different atlas used and fMRI
methodology make a direct comparison of the results diffi-
cult for individual brain regions, but both their study and
ours are consistent in finding increased within DMN connec-
tivity in High-Ab MCI progressing to AD dementia.

Different hypotheses could explain the discrepant observa-
tions in resting-state connectivity along the AD continuum. A
first hypothesis stated that hyperconnectivity could result from
compensatory mechanisms in response to the accumulation of
Ab plaques and/or result from a direct toxicity of Ab (Buckner
et al, 2005; Busche and Konnerth, 2015). Our results, however,
argue against such interpretation as we observed increased
DMN connectivity in patients who had progressed to AD de-
mentia, and faster cognitive decline in the patients with faster
connectivity increase. Therefore, increased connectivity does
not seem to be restricted to early AD stages, and is also ob-
served in the dementia stage, where tau pathology is suppos-
edly more associated with the acceleration of cognitive
impairment (Hanseeuw et al, 2019; Nelson et al, 2012).

Another hypothesis would be that an aberrant synchroni-
zation is responsible for increased connectivity over time.
Indeed, a synchronous decline in brain activity in several
brain regions could lead to higher brain connectivity between
those regions. Because of individual variations in the brain
regions affected by AD pathology, and of different methods
used for delineating brain regions and networks, the correla-
tion between time-courses in these regions could either in-
crease or decrease, depending on the concurrent presence
of brain lesions in these regions or not. Consistent with
this hypothesis, brain metabolism declines in several DMN
regions in MCI patients progressing to AD dementia (Landau
et al, 2011). To further disentangle this issue, additional lon-
gitudinal fMRI studies, including longitudinal fluorodeoxy-
glucose (FDG)-positron emission tomography (PET) or
tau-PET studies, would be required. Longer fMRI studies
would also be helpful to track functional changes from the
pre-clinical to the AD dementia stage.

Limitations of our study

We did not investigate the intra-salience connectivity net-
work because the atlas we used only included one region-of-
interest for this network preventing us to correlate the activity
within the network. We did not collect longitudinal Ab-PET
or FDG-PET data to study whether a network-level increase
of connectivity could be linked to changes in Ab or in cere-
bral glucose metabolism. Tau-PET data are not available in
this cohort for studying the impact that tau pathology has
on the connectivity within and between brain networks.
The relatively small sample size prevented us to fully disen-
tangle the effects of Ab pathology and clinical progression on
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connectivity changes. When replicating some analyses in
High-Ab participants only, we only had power to observe
marginal, nonsignificant, results. Although our study design
aimed to collect four imaging sessions in each participant,
we only acquired an average of three sessions per participant.

Conclusions

We observed a progressive increase in the intra-DMN con-
nectivity in patients progressing to dementia. This brain con-
nectivity change was associated with cognitive decline,
highlighting the potential of tracking connectivity over
time to better understand the impact of AD pathology on
brain function and clinical symptoms. Further longitudinal
research with imaging biomarkers is needed to determine
the role fMRI can play in therapeutic trials.

Acknowledgment

The authors thank the firm GE Healthcare Ltd. for having
supplied with [18F]flutemetamol for the PET scan imaging
according to a convention with our Clinic.

Authors’ Contributions

Study conception and design: all. Acquisition, analysis,
and interpretation of data: all. Article drafting: V.M. and
B.H. Critical revision of the article for important intellectual
content: all.

Author Disclosure Statement

The firm GE Healthcare supplied the [18F] Flutemetamol
tracer for acquiring the PET images analyzed in this article.
B.H., A.I., and R.L. disclose receiving consultant fees from
GE Healthcare during the course of the project. All other au-
thors report no conflicts of interest.

Funding Information

The Belgian Fund for Scientific Research (FNRS) pro-
vided grants for the personnel conducting this research
(V.M.: No. ASP029789, B.H.: No. SPD4000041). This
work was also supported by the Fonds de la Recherche
Scientifique—FNRS for the FRFS-WELBIO under Grant
No. 40010035, the Queen Elizabeth Medical Foundation
and the Belgian Alzheimer Research Foundation.

References

Agosta F, Pievani M, Geroldi C, et al. Resting state fMRI in Alz-
heimer’s disease: Beyond the default mode network. Neuro-
biol Aging 2012;33(8):1564–1578; doi: 10.1016/j.neuro
biolaging.2011.06.007

Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of
mild cognitive impairment due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-
Alzheimer’s Association workgroups on diagnostic guide-
lines for Alzheimer’s disease. Alzheimers Dement 2011;
7(3):270–279; doi: 10.1016/j.jalz.2011.03.008

Buckley RF, Schultz AP, Hedden T, et al. Functional network
integrity presages cognitive decline in preclinical Alzheimer
disease. Neurology 2017;89(1):29–37; doi: 10.1212/WNL
.0000000000004059

Buckner RL, Snyder AZ, Shannon BJ, et al. Molecular, struc-
tural, and functional characterization of Alzheimer’s disease:

Evidence for a relationship between default activity, amy-
loid, and memory. J Neurosci 2005;25(34):7709–7717; doi:
10.1523/JNEUROSCI.2177-05.2005

Busche MA, Konnerth A. Neuronal hyperactivity—A key defect
in Alzheimer’s disease? Bioessays 2015;37(6):624–632; doi:
10.1002/bies.201500004

de Partz MP, De Wilde V, Seron X, et al. LEXIS: Tests for the
assessment of lexical disorders in aphasic patients [in
French]. Solal: Marseille; 2001.

Doucet GE, Labache L, Thompson PM, et al. Atlas55+: Brain
functional atlas of resting-state networks for late adulthood.
Cereb Cortex 2021;31(3):1719–1731; doi: 10.1093/cercor/
bhaa321

Edmonds EC, Weigand AJ, Hatton SN, et al. Patterns of longi-
tudinal cortical atrophy over 3years in empirically derived
MCI subtypes. Neurology 2020;94(24):e2532–e2544; doi:
10.1212/WNL.0000000000009462

Esposito R, Mosca A, Pieramico V, et al. Characterization of
resting state activity in MCI individuals. PeerJ 2013;1:
e135; doi: 10.7717/peerj.135

Eyler LT, Elman JA, Hatton SN, et al. Resting state abnormali-
ties of the default mode network in mild cognitive impair-
ment: A systematic review and meta-analysis. J Alzheimers
Dis 2019;70(1):107–120; doi: 10.3233/JAD-180847

Fischl B. FreeSurfer. Neuroimage 2012;62(2):774–781; doi:
10.1016/j.neuroimage.2012.01.021

Gardini S, Venneri A, Sambataro F, et al. Increased functional
connectivity in the default mode network in mild cognitive
impairment: A maladaptive compensatory mechanism asso-
ciated with poor semantic memory performance. J Alz-
heimers Dis 2015;45(2):457–470; doi: 10.3233/JAD-142547

Greicius MD, Srivastava G, Reiss AL, et al. Default-mode net-
work activity distinguishes Alzheimer’s disease from healthy
aging: Evidence from functional MRI. Proc Natl Acad Sci
U S A 2004;101(13):4637–4642; doi: 10.1073/pnas.0308
627101

Hahn K, Myers N, Prigarin S, et al. Selectively and progressively
disrupted structural connectivity of functional brain networks
in Alzheimer’s disease—Revealed by a novel framework to
analyze edge distributions of networks detecting disruptions
with strong statistical evidence. Neuroimage 2013;81:96–
109; doi: 10.1016/j.neuroimage.2013.05.011

Hanseeuw BJ, Betensky RA, Jacobs HIL, et al. Association of
amyloid and tau with cognition in preclinical Alzheimer dis-
ease: A longitudinal study. JAMA Neurol 2019;76(8):915–
924; doi: 10.1001/jamaneurol.2019.1424

Hanseeuw BJ, Malotaux V, Dricot L, et al. Defining a Centiloid
scale threshold predicting long-term progression to dementia
in patients attending the memory clinic: An [(18)F] fluteme-
tamol amyloid PET study. Eur J Nucl Med Mol Imaging
2021;48(1):302–310; doi: 10.1007/s00259-020-04942-4

Hanseeuw BJ, Schultz AP, Betensky RA, et al. Decreased hippo-
campal metabolism in high-amyloid mild cognitive impair-
ment. Alzheimers Dement 2016;12(12):1288–1296; doi:
10.1016/j.jalz.2016.06.2357

Hedden T, Van Dijk KR, Becker JA, et al. Disruption of func-
tional connectivity in clinically normal older adults harboring
amyloid burden. J Neurosci 2009;29(40):12686–12694; doi:
10.1523/JNEUROSCI.3189-09.2009

Ivanoiu A, Dricot L, Gilis N, et al. Classification of non-
demented patients attending a memory clinic using the new
diagnostic criteria for Alzheimer’s disease with disease-
related biomarkers. J Alzheimers Dis 2015;43(3):835–847;
doi: 10.3233/JAD-140651

DEFAULT-MODE NETWORK CONNECTIVITY CHANGES IN AD 9

D
ow

nl
oa

de
d 

by
 H

ar
va

rd
 U

ni
ve

rs
ity

 C
ou

nt
w

ay
 L

ib
ra

ry
 o

f 
M

ed
ic

in
e 

fr
om

 w
w

w
.li

eb
er

tp
ub

.c
om

 a
t 1

2/
02

/2
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 



Jovicich J, Babiloni C, Ferrari C, et al. Two-year longitudinal
monitoring of amnestic mild cognitive impairment patients
with prodromal Alzheimer’s disease using topographical bio-
markers derived from functional magnetic resonance imag-
ing and electroencephalographic activity. J Alzheimers Dis
2019;69(1):15–35; doi: 10.3233/JAD-180158

Klunk WE, Engler H, Nordberg A, et al. Imaging brain amyloid
in Alzheimer’s disease with Pittsburgh Compound-B. Ann
Neurol 2004;55(3):306–319; doi: 10.1002/ana.20009

Klunk WE, Koeppe RA, Price JC, et al. The Centiloid Project:
Standardizing quantitative amyloid plaque estimation by
PET. Alzheimers Dement 2015;11(1):1.e11–e14–15.e11–
e14; doi: 10.1016/j.jalz.2014.07.003

Landau SM, Harvey D, Madison CM, et al. Associations
between cognitive, functional, and FDG-PET measures of
decline in AD and MCI. Neurobiol Aging 2011;32(7):
1207–1218; doi: 10.1016/j.neurobiolaging.2009.07.002

Li Y, Wang X, Li Y, et al. Abnormal resting-state functional
connectivity strength in mild cognitive impairment and its
conversion to Alzheimer’s disease. Neural Plast 2016;2016:
4680972; doi: 10.1155/2016/4680972

Morris JC, Mohs RC, Rogers H, et al. Consortium to establish a
registry for Alzheimer’s disease (CERAD) clinical and neu-
ropsychological assessment of Alzheimer’s disease. Psycho-
pharmacol Bull 1988;24(4):641–652.

Nelson PT, Alafuzoff I, Bigio EH, et al. Correlation of Alz-
heimer disease neuropathologic changes with cognitive
status: A review of the literature. J Neuropathol Exp Neu-
rol 2012;71(5):362–381; doi: 10.1097/NEN.0b013e318250
18f7

Rouleau I, Salmon DP, Butters N, et al. Quantitative and quali-
tative analyses of clock drawings in Alzheimer’s and Hun-
tington’s disease. Brain Cogn 1992;18(1):70–87; doi:
10.1016/0278–2626(92)90112-y

Schultz AP, Buckley RF, Hampton OL, et al. Longitudinal deg-
radation of the default/salience network axis in symptomatic
individuals with elevated amyloid burden. Neuroimage Clin
2020;26:102052; doi: 10.1016/j.nicl.2019.102052

Schultz AP, Chhatwal JP, Hedden T, et al. Phases of hypercon-
nectivity and hypoconnectivity in the default mode and sa-
lience networks track with amyloid and tau in clinically
normal individuals. J Neurosci 2017;37(16):4323–4331;
doi: 10.1523/JNEUROSCI.3263-16.2017

Sheline YI, Raichle ME, Snyder AZ, et al. Amyloid plaques dis-
rupt resting state default mode network connectivity in cog-

nitively normal elderly. Biol Psychiatry 2010;67(6):
584–587; doi: 10.1016/j.biopsych.2009.08.024

Van der Linden M, Coyette F, Poitrenaud J, et al. The 16-item
free and cued recall test [in French] (RL/RI16). In: L’évalu-
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