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Abstract
Purpose: Alzheimer’s disease (AD) and mild cognitive impairment (MCI), a syndrome at-risk for AD, are
characterized by both aberrant regional neural activity and disrupted inter-regional functional connectivity
(FC). It is, however, not clear how aberrant regional neural activity and inter-regional FC interact across
MCI and AD. Thus, we investigated the interplay between regional neural activity and inter-regional
topological measures of FC in MCI and AD using simultaneous PET/MR measurement.

Methods: We scanned 19 patients with MCI, 33 patients with AD, and 26 healthy individuals by
simultaneous FDG-PET/resting-state fMRI. First, we assessed regional glucose metabolism identi�ed
through FDG-PET (as a proxy of regional neural activity), and inter-regional FC topology through
clustering coe�cient and degree centrality (as surrogates of local segregation and global connectivity,
respectively, based on fMRI blood oxygenation). Next, we examined the potential moderating effect of
disease status (MCI or AD) on the link between regional metabolism and inter-regional FC topology using
hierarchical moderated multiple regression analysis.

Results: Not only regional metabolism and inter-regional FC metrics were disrupted in in MCI and AD
patients, but also AD signi�cantly alters coupling between regional metabolism and inter-regional FC,
particularly in the right inferior temporal, supplementary motor area and planum temporal areas, where
AD moderated the effect of their regional glucose metabolism on predicting their inter-reginal FC.

Conclusion: Our �ndings demonstrated that AD decouples the association between regional neural
activity and functional segregation. 

1. Introduction
Alzheimer’s disease (AD) and mild cognitive impairment (MCI) are characterized by distinct patterns of
neuronal loss leading to reduced overall neural activity, which can be indirectly quanti�ed through
�uorodeoxyglucose-positron emission tomography (FDG-PET) [1]. Moreover, regional glucose metabolism
(rFDG) is associated with cortical atrophy and beta-amyloid/tau protein accumulation, which are
hallmarks of AD pathology [2, 3]. Functional connectivity (FC) is quanti�ed as the magnitude of
functional co-activation between neural activity in distinct brain regions, typically measured by resting-
state functional magnetic resonance imaging (rs-fMRI). Several studies demonstrated FC alterations,
mainly in the default mode network (DMN), along the trajectory of AD [4–6]. Topological features of these
FC networks can be modeled through graph theory analyses, in which brain regions are considered as
"nodes", and FC between them as "edges" of the graph [7]. Clustering coe�cient (CC) and degree
centrality (DC) are two commonly used inter-regional FC topological metrics, representing local
segregation and centrality of individual nodes, respectively [8]. In particular, CC quanti�es how well a
certain node has formed locally-segregated processing modules (i.e., clusters) around itself, while DC
gives a measure of the importance/centrality of a node in terms of interacting with other nodes within
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and outside the regional clusters or how well it is contributing to regional segregation and global
integration of the network at the same time [7].

As 80% of neural metabolic activity is dedicated to synaptic signaling [9], FC might indicate a conjugate
in-/decreased blood oxygenation level-dependent (BOLD) signaling between the brain regions. Broadly
speaking, empirical evidence and computational modelling [10–12] suggest that higher local metabolism
(as a proxy for local activity) in a particular brain region increases its sensitivity to afferent input from
other regions and thus determines the likelihood of inter-regional FC (as a proxy for synchronous
�uctuations of BOLD signal between regions). A recent study applied simultaneous functional FDG-
PET/rs-fMRI, provided evidence for synchrony and interaction between the neural dynamics of glucose
metabolism and the BOLD hemodynamic response [13]. These �ndings together suggest strong coupling
between glucose metabolism and FC in healthy brains. In healthy brains, up to 18% of inter-subjects
variability in whole-brain glucose metabolism can be explained by differences in FC [14]. Moreover, it has
been shown that increased FC and higher functional clustering are associated with a non-linear increase
in regional metabolism in healthy individuals [14]. This association, however, could be disturbed in AD,
where rFDG no longer linked with regional functional activity in target AD regions in the posterior
associational cortices [15]. It has been suggested that local amyloid beta pathology might be responsible
for this decoupling (i.e., loss of correlation) between rFDG and inter-regional FC in the default mode
network (DMN) in AD patients [16]. However, how aberrant regional neural activity and inter-regional FC
interact in MCI/AD, and how AD (we refer to it as a clinical diagnosis), affect the link between rFDG and
FC topological characteristics are poorly understood. Here, we aimed to address these questions using
simultaneous acquisition of FDG-PET and rs-fMRI in healthy controls (HC) and patients with MCI and AD.

2. Methods

2.1. Participants
Thirty-three patients with mild AD-dementia, 19 patients with MCI and 26 HC subjects were recruited in
this cross-sectional study. Patients were randomly selected from outpatient memory clinic of the
Department of Psychiatry and Psychotherapy of Klinikum rechts der Isar, School of Medicine, Technical
University of Munich (TUM). Diagnosis of AD or MCI was determined using Clinical Dementia Rating
(CDR) and neuropsychological testing batteries based on criteria established by Consortium to Establish
a Registry for Alzheimer’s disease CERAD. Twenty-six HCs were also recruited through word-of-mouth
advertising in Munich. Demographic information is provided in Table 1. Importantly, as our AD/MCI
patients did not have amyloid/tau PET imaging, use of "effect of AD" phrase in this study does not
directly correspond to the pathology of disease and merely refers to the presence or absence of clinical
diagnosis of MCI/AD. Of note, this study was approved by the TUM ethics committee in line with the
institute's Human Research Committee guidelines and conformed to standards of the declaration of
Helsinki. Written informed consent was obtained from all participants after providing detailed information
about this study.
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Table 1. Demographic and clinical data of participants

  HC (n=26) MCI (n=19) AD (n=33) p-Value

Age, year        <0.001

Sex (female) 9 12 14 0.157

MMSE score         <0.001

CREAD NAB total         <0.001

Abbreviations: AD: Alzheimer disease; HC: healthy control; MCI: mild cognitive impairment; MMSE: Mini-
Mental State Examination; CERAD: Consortium to Establish a Registry for Alzheimer’s Disease
neuropsychological assessment battery. Analysis of variance, p<0.05 as threshold of signi�cance, except
of sex (Kruskal-Walis test).

2.2. Data acquisition and preprocessing
Imaging data acquisition included structural MRI (T1 weighted), rs-fMRI, and FDG-PET, which were
simultaneously acquired on a Biograph hybrid PET/MR scanner (Siemens, Erlangen, Germany),
processed, and analyzed according to previously published and standardized protocols (Supplemental
Methods, Sect. 1) [6, 17, 18].

2.3. FDG-PET data analysis
The mean glucose uptake values of all voxels within the 112 regions of interest (ROIs), de�ned based on
Harvard-Oxford atlas [19], were extracted from each subject-speci�c’s preprocessed partial volume
corrected PET images. We then normalized the mean glucose uptake value of each ROI by dividing it to
the whole-brain glucose uptake value of the same subject, as suggested previously [20].

2.4. rs-fMRI data analysis
Mean BOLD signal of all 112 cortical and subcortical ROIs were extracted and the inter-regional FC
patterns were computed and modeled based on graph analysis, where the ROIs considered as nodes and
FC between them (using absolute values of Pearson's correlation coe�cients) as edges. Finally, a
112×112 symmetric undirected weighted matrix representing individual whole brain inter-regional FC was
computed for each subject. From a topological perspective, each subject has a different topology in
terms of connection density of brain regions. The connection density in a graph is de�ned as a ratio of
number of existing edges to all possible edges [21]. Difference in connection density, in turn, in�uences
most of the extracted topological metrics within a graph [22]. Thus, it is necessary to implement a
matching strategy between FC graphs, prior to statistical analyses between the three groups [23].
Accordingly, we thresholded adjacency matrix of each subject for density range from 0.01–0.40 (with
intervals of 0.01), as suggested earlier [24]. It means that the adjacency matrix of each subject was
thresholded 40 times with different connection densities to ensure that the topology variability across all
subjects were considered in the analysis. We then characterized the organization of brain regions in terms
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of CC (segregated role of node) [25] and DC (centralized role of node) [26] (Supplemental Methods,
Sect. 2). To assess the inter-regional FC topological metrics, we calculated those metrics for each of 40
thresholded adjacency matrices using the Brain Connectivity Toolbox [7]. Finally, the integral values of CC
and DC across the 40 thresholded adjacency matrices for each subject were used for group comparison,
as recommended previously [27].

2.5. Group comparison and statistical analyses
Group comparisons based on Analysis of covariance (ANCOVA) on rFDG, CC, and DC were performed for
all 112 ROIs, while age and sex were considered as the covariates of no-interest. The results were
corrected for multiple comparisons using N-region statistical comparison, as described previously [28].
The signi�cance threshold was calculated using 1/number of ROIs, as: 1/112 = 0.009. Post-hoc analyses
were then conducted for rFDG, CC and DC utilizing permutation test with 100,000 permutations and
signi�cance threshold for post-hoc test was calculated using p-value = 1/number of tests to correct for
potential false-positive errors.

2.6. Cross-modality analysis
To evaluate the moderating role of disease on the link between rFDG the inter-regional FC topology (i.e.,
CC/DC), we �rst focused on the brain areas in which rFDG and CC/DC were affected by disease in all
group (i.e., overlapping regions), hypothesizing a signi�cant moderating effect of AD on their association.
Secondly, we explored the areas in which only one measure (i.e., either rFDG or CC/DC) was affected by
disease (i.e., non-overlapping regions). Thus, the potential moderating effect of MCI or AD on the link
between rFDG and CC/DC was examined using hierarchical moderated multiple regression (HMMR)
analysis (Supplemental Methods, Sect. 3; SI-Figure 1) on both overlapping and non-overlapping brain
regions to test whether and how clinical diagnosis and rFDG predict CC/DC. To do so, rFDG and clinical
groups (i.e., HC, MCI, AD) were entered as main predictor variables to a model to predict CC/DC as
response variable. Then, the interaction as the product term of the main predictor variables " rFDG ×
clinical diagnosis " were added to the prediction model. Of note, we removed the effect of age and sex
from the response variables, before applying the HMMR analyses. To evaluate whether the interaction
between predictor variables ("rFDG × clinical diagnosis ") is meaningful; we tested particularly whether
adding the interaction term increased the variance explained by the model in successive regression steps
(∆R2). When a statistically signi�cant interaction emerged, interaction was interpreted according to the
available guidelines [29, 30]. These results were also corrected for multiple comparisons using family
wise error (FWE) rate. Moreover, we performed additional control analysis to evaluate whether clinical
diagnosis and CC/DC could predict rFDG in both overlapping and non-overlapping regions (Supplemental
Methods, Sect. 4).

3. Results

3.1. Regional glucose metabolism alterations along the
trajectory of disease
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Comparing rFDG between the three groups (controlling for age and sex) revealed signi�cant reduced
metabolism in various regions including the bilateral middle and inferior temporal gyri (ITG), bilateral
angular and bilateral lateral occipital gyri in MCI patients compared to HC and in AD patients compared
to MCI (Fig. 1, SI-Table 1). We also found relative hypermetabolism in the bilateral precentral, bilateral
parahippocampal, bilateral lingual, bilateral occipital fusiform gyri, bilateral brain stem and right
hippocampal gyri in AD patients compared to both MCI and HC groups. These results indicated a pattern
of progressive hypometabolism in the bilateral middle and inferior temporal, angular and lateral occipital
gyri along the trajectory of disease (Fig. 1 and SI-Table 1).

3.2. Disrupted local FC network topology along the
trajectory of disease
Like rFDG �ndings, we observed widespread alterations in CC/DC between groups (Fig. 2, SI-Tables 2 and
3). In particular, CC was more extensively affected than DC in both patients’ groups compared to HCs in
various cortical regions including bilateral middle and inferior frontal, bilateral superior and inferior
temporal, bilateral supramarginal, bilateral lateral occipital, bilateral supplementary motor, bilateral
occipital, and bilateral Heschel, and left angular gyri (Fig. 2A, SI-Table 2). Meanwhile, in patients DC was
decreased in bilateral precentral, lateral occipital, bilateral Heschel gyri, and increased in bilateral
parahippocampal gyri (Fig. 2B, SI-Table 3).

Table 2. Overlapping brain regions determined by the direction of change in regional glucose metabolism
and inter-regional functional connectivity topology metrics (CC: clustering coe�cient, DC: degree
centrality)
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  Brain regions Regional glucose
metabolism

(rFDG)

Inter-regional functional
connectivity topology metrics

CC DC

HC
vs.
MCI

 

 

N.S

 

 

HC
vs.
AD

Precentral Gyrus (L) HC<AD HC>AD HC> AD

Precentral Gyrus (R) HC< AD HC> AD HC> AD

*Lateral Occipital Cortex, inferior
division (L)

HC> AD - HC> AD

*Parahippocampal Gyrus,
posterior division (L)

HC< AD - HC< AD

*Brain-Stem (R) HC< AD - HC< AD

*Superior Temporal Gyrus,
posterior division (L)

HC> AD HC> AD -

*Inferior Temporal Gyrus,
temporooccipital part (L)

HC> AD HC> AD -

*Inferior Temporal Gyrus,
temporooccipital part (R)

HC> AD HC> AD -

*Superior Parietal Lobule (L) HC> AD HC> AD -

*Angular Gyrus (L) HC> AD HC> AD -

*Lateral Occipital Cortex,
superior division (R)

HC> AD HC> AD -

Temporal Occipital Fusiform
Cortex (R)

HC< AD HC> AD -

Occipital Fusiform Gyrus (R) HC< AD HC> AD -

MCI
vs.
AD

Precentral Gyrus (L) MCI<AD - MCI > AD

*Brain-Stem (L) MCI<AD - MCI<AD

*Angular Gyrus (L) MCI > AD MCI > AD -

* The direction of group differences in regional glucose metabolism and inter-regional functional
connectivity topology metrics is congruent.
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AD: Alzheimer disease; HC: healthy control; MCI: mild cognitive impairment; L: left; R: right; N.S: Not
signi�cant.

3.3 The moderator effect of AD on the link between regional glucose metabolism and inter-regional FC
topological metrics

The overlapping regions

To investigate the potential effects of AD on the association between rFDG and CC/DC, we �rst
considered regions where changes in rFDG and CC/DC overlapped in all group comparisons. As there
were no overlapping regions in all group comparison pairs including AD vs. HC, AD vs. MCI, and MCI vs.
HC, we identi�ed overlapping brain regions where changes in rFDG and CC/DC happened simultaneously
in each group comparison (Fig. 3, Table 2). Hypometabolism was observed along with a reduction in CC
in bilateral temporo-occipital parts of the ITG, right superior temporal gyrus, right lateral occipital cortex,
left angular gyrus and left superior parietal lobule, while relative hypermetabolism was associated with
reduced CC or DC topological metrics in the right temporal occipital fusiform and occipital fusiform
cortices, and bilateral precentral gyri in AD or MCI groups compared to HCs. There was also an increase in
both regional metabolism and DC in the right brain stem (AD > HC) and the left brainstem (AD > MCI).

Next, we applied the HMMR model to predict CC/DC by exploring the interaction effect between rFDG and
clinical diagnosis, while correcting for multiple comparisons using FWE correction (p-value < 0.05 /
number of all interaction tests for the overlap regions = (0.05 /18) < = 0.0027). There was a signi�cant
two-way interaction between “rFDG × clinical diagnosis” in the right ITG that predicted changes in CC,
when comparing HC and AD groups (R2=0.4, F (4,55) = 12, p(model) < 0.00001). Adding the interaction term

(rFDG × clinical diagnosis), signi�cantly improved the model in the right ITG (∆R2= 0.08, pinteraction =
0.008) (Fig. 4A). No signi�cant interaction between rFDG and clinical diagnosis predicted CC laterations,
when comparing AD vs. MCI or MCI vs. HC groups. In addition, the interaction between rFDG and clinical
diagnosis did not predict DC alterations in any of group comparisons. In the right ITG, CC showed a
negative association with rFDG in HC subjects, but a positive association in AD patients. The signi�cant
interaction between rFDG and clinical diagnosis indicated that the local properties of right ITG (CC and
rFDG) depends on clinical diagnosis.

The non-overlapping regions

Using the same HMMR model in the non-overlapping regions, there was a signi�cant interaction between
“rFDG × clinical diagnosis” in the right supplementary motor area (SMA) which predicted CC alterations
between AD and HC groups (, F (4,55) = 23.9, p(model) < 0.0001; Supplemental Results, Sect. 1) (Fig. 4B).
Moreover, there was a signi�cant interaction between “rFDG × clinical diagnosis” in the right planum
temporale that was able to predict DC changes (, F (4,55) = 7.94, p(model) = 0.00017; Supplemental
Results, Sect. 1) (Fig. 4C).
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3.3.1. The �ndings of control analysis in both overlapping
and non-overlapping regions
Finally, we performed a control analysis to assess in which brain regions the interaction between CC/DC
and clinical diagnosis could predict rFDG alterations. This analysis yielded to no signi�cant result for any
of the overlapping regions. In the non-overlapping regions, however, the analysis revealed that a two-way
interaction between “CC × clinical diagnosis” in the left middle temporal gyrus (R2=0.58, F (5,53) =25.1,
p(model) < 0.0001), the left anterior supramarginal gyrus (R2=0.34, F (4,55) = 9.45 ,p(model) < 0.0001) and

the left posterior supramarginal gyrus (R2=0.53, F (4,55) = 20.7 ,p(model) < 0.0001) were able to predict
alterations in rFDG between HC and AD groups (Supplemental Results, Sect. 2; SI-Figure 2). Moreover, our
�ndings showed a two-way interaction between “DC × clinical diagnosis” in the left middle temporal
gyrus (temporooccipital part) (R2=0.6, F (4,55) = 27.9, p(model) < 0.0001), the left posterior supramarginal

gyrus (R2=0.55, F (4,55) = 22.9, p(model) < 0.0001) and the left posterior parahippocampal gyrus (R2=0.3, F
(4,55) = 7.88, p(model) = 0.0002) that predict rFDG alterations between the AD and HC groups
(Supplemental Results, Sect. 2; SI-Figure 3).

4. Discussion
We examined the association between alterations in regional neural activity and topological measures of
inter-regional FC and their interactions in HC, MCI, and AD. Our �ndings demonstrated the following
points: i) cortical hypometabolism along with reduced CC/DC in various brain regions (Fig. 1, 2); ii)
congruent alterations in rFDG and FC topology in form of reduced rFDG and reduced CC/DC in the
bilateral inferior temporal gyri and left superior temporal gyrus, left superior parietal lobule, left angular
gyrus and left lateral occipital gyrus (Fig. 3); iii) incongruent alterations in form of increased rFDG
associated with reduced CC/DC in the right temporal occipital fusiform and bilateral precentral cortices
(Fig. 3); iv) a signi�cant two-way interaction between rFDG and “clinical diagnosis as AD” predicted
alterations in CC of the right ITG among the overlapping regions (Fig. 4A); v) a signi�cant two-way
interaction between rFDG and “clinical diagnosis i.e., AD” predicted CC alterations in the right SMA and
DC alterations in the right planum temporale among the non-overlapping regions (Figs. 4B, 4C); and vi) a
signi�cant two-way interaction between inter-regional FC metrics and “clinical diagnosis i.e., AD”
predicted rFDG alterations in the left middle temporal, supramarginal, and parahippocampal, among the
non-overlapping regions in the control analysis (SI-Figures 2, 3). These �ndings suggest that AD disrupts
a coupling between rFDG and FC topology in the right inferior temporal and supplementary motor area, as
well as the left middle temporal, supramarginal, and parahippocampal regions.

4.1. Hypometabolism and disrupted inter-regional FC
topology in MCI/AD
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Hypometabolism and FC disruption, mainly in the posterior part of DMN, are well-documented features of
AD that are suggested to be strongly linked with grey matter atrophy, amyloid beta deposition and tau
accumulation [3, 18, 31]. We also observed relative hypermetabolism in MCI and AD in the bilateral
precentral and lingual gyri, in line with previous studies [6, 32, 33]. Moreover, changes in the topology of
the functional connectivity networks of several cortical areas within and outside the DMN have been
reported in MCI and AD [34]. Neurobiological mechanisms of the link between regional changes of
metabolism and disruption of functional network topology is yet to be investigated. Of note, it has been
suggested that functional decoupling between the temporal lobe and posteromedial cortex, as the main
hubs of DMN, contributes to disinhibition-like changes in the hippocampus and induce hyperexcitability
in the medial temporal lobe [5]. This pathological hypermetabolism in the medial temporal lobe might
precipitates the age-associated tau deposition in this region, leading to a loss of white matter integrity
and structural dysconnectivity between the temporal lobe and posteromedial cortex [35].

4.2 The effect of “clinical diagnosis as AD” on the reginal neural activity and inter-regional FC topology
link

We revealed that AD altered the coupling between rFDG and inter-regional FC topology matrices. In
particular, AD interacts with rFDG to predict regional CC of the right ITG and right SMA and to predict DC
in the right planum temporale. Aberrant coupling between rFDG and FC topology metrics in patients with
AD indicates that AD might affects the rFDG-CC and rFDG-DC links. The altered association between
rFDG and FC in AD has been well-documented previously. For example, A longitudinal study
demonstrated that severity of amyloid deposition in the regions with high degree of amyloid beta
pathology (i.e., in the posterior DMN) can predict progressive hypometabolism in remote, but functionally
connected areas, with minimal amyloid pathology [36]. In another study, rFDG/FC decoupling was found
in several areas within the posterior DMN [15], followed by another study demonstrating that the rFDG/FC
decoupling in the posterior DMN is directly correlated with amyloid beta deposition [16]. In this study,
Scherr and colleagues found that rFDG progressively decoupled from FC in the posterior DMN and degree
of this decoupling associated with amyloid beta load [16]. The authors identi�ed "rFDG-FC coupling" as
the only signi�cant variable, which predicted cognitive status of the patients with early and late MCI and
AD. Our results support their �ndings by showing the adverse effects of AD on coupling between rFDG
and topological metrics of inter-regional FC. Similar to this study [16], we found widespread and
congruent alterations in rFDG and FC topology in the main hubs of DMN, including the parahippocampal
gyrus, and the middle and inferior temporal gyri, suggesting that AD pathology in the DMN can be (at
least partly) accountable for the changes observed in our study. It is worthy to mention that amyloid beta
and tau pathology interact in their regulation of synaptic function. Synaptic tau and amyloid deposition
mutually precipitate signaling pathways that culminate in progressive synaptic dysfunction and loss [37,
38]. Indeed, it has been demonstrated that in individuals with normal amyloid-beta level, FC has an
inverse correlation with the degree of tau deposition [39]. A similar model demonstrated that cascading
network failure is mediated by amyloid deposition in the DMN along with global tau deposition [40].
Based on these �ndings and a recently proposed model by our group [5], it seems that amyloid beta and
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tau pathology might be important driving forces for alterations in rFDG, FC topology, and rFDG/FC
decoupling in AD, which should be directly tested in future.

The role of ITG in AD has been assessed and it’s hypometabolism, despite minimal amyloid beta
deposition is reported earlier [41]. Interestingly, hypometabolism in the ITG is linked with conversion from
MCI to AD, which is known to be associated with increased whole brain amyloid burden [42, 43]. Similarly,
higher activity in the ITG predicts better cognitive reserve in AD patients [44, 45]. Importantly, amyloid beta
deposition in the parieto-temporal cortices is associated with longitudinal tau deposition in the ITG in
early AD [46], suggesting that tau pathology might be an important contributor to rFDG/CC decoupling in
the ITG. In addition, we identi�ed that interaction between changes in rFDG and clinical diagnosis
predicted the DC alterations in the planum temporale. The planum temporale is an important
subcomponent of the superior temporal gyrus and auditory cortices and is highly asymmetric between
left and right hemispheres primarily as a re�ection of language lateralization [47], but also as a result of
handedness [48]. This asymmetry in cortical thickness and morphology becomes more pronounced in AD,
as evidenced by post-mortem �ndings of altered pyramidal cortex morphology in this region [49]. Finally,
increased amyloid burden in post-mortem brains of AD patients in this region have been shown to be
associated with cognitive decline [50].

Although intact glucose metabolism in the primary motor cortex (M1) and SMA has been considered as a
distinguishing feature of AD from other dementias [51, 52], it has been suggested that hypermetabolism
in some cortical regions occurring in the early stage of disease may represent a compensatory response
to the neural damage [33]. Here, we found relative hypermetabolism in the SMA and precentral gyrus in
AD, which is in line with increased FC between the SMA and M1 cortex with the sensorimotor, cingulate,
and fusiform cortices both in MCI and AD patients [53, 54]. As amyloid and tau accumulation in the M1
and SMA has do not occur until late stages of AD [55–57], we speculate that the observed SMA relative
hypermetabolism could be a compensatory phenomenon, rather than a result of direct AD pathology.
Nonetheless, as regional brain FDG uptakes are normalized for global brain metabolism in our study, this
observation might be a relative phenomenon. Put differently, as glucose uptake reduces in several brain
regions, areas like the motor cortices with preserved metabolism appear to show a higher rFDG.
Conversely, we observed reduced both CC and DC in the precentral gyrus and SMA in MCI and AD,
indicating lower local and global information processing in the functional connectome of the SMA.
Beside the motor areas, we observed rFDG and FC topology alterations in the lateral occipital cortex and
occipital fusiform gyrus, which play a key role in visuospatial disturbance in patients with AD [58, 59] (SI-
Tables 1, 2 and 3). We assume that tau pathology might be responsible for rFDG and topology alterations
beyond the DMN. This is perhaps supported by the fact that tau deposition might be more strongly
associated with rFDG decline, than amyloid deposition [60]. Moreover, connectivity analysis based on tau
imaging showed moderate spatial overlap, not only within the DMN, but also in the visual and language
networks [61].

In addition, we investigated another hypothesis considering CC/DC and clinical diagnosis as the
predictive factors and investigated whether their interaction could predict rFDG aletrations. This analysis
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revealed a signi�cant interaction between clinical diagnosis as AD and CC/DC in left supramarginal, left
middle temporal gyri, and left posterior parahippocampal gyrus, which are part of the medial temporal
lobe and further highlights the role of DMN in pathophysiology of AD. In line with our �ndings, the
supramarginal gyrus has shown reduced inter-regional FC, as well as loss of long-range FC with the
central executive and frontoparietal network in AD [62]. While regional hypometabolism in the
supramarginal gyrus is shown to have a low discriminative value for AD [63] and changes in rFDG where
not shown to be signi�cant between AD and HCs in our study, the interaction between clinical diagnosis
as AD and rFDG was able to predict changes in CC of the supramarginal gyrus. The parahippocampal
gyrus is also part of the medial temporal lobe, which has shown in inverse U pattern of change in local
metabolism along AD trajectory [64]. It has been hypothesized that amyloid beta accumulation in the
posteromedial cortex disrupts its long-range FC with the medical temporal lobe, which in turns gives rise
to disinhibition and increased local metabolism in the medical temporal lobe including the
parahippocampal gyrus. These changes enhance regional amyloid and tau deposition in the temporal
lobe, further FC disruption to the remote areas, and �nally widespread atrophy. Our �ndings are in line
with this hypothesis, as we observed that AD interacts with loss of DC to predict regional relative
hypermetabolism in medical temporal lobe regions including the parahippocampal gyrus [5].

4.3. Strengths and limitations
A major strength of the current study was simultaneous PET/MR acquisition, which measures both FDG-
PET and rs-fMRI at the same time, which provides a great opportunity to test the moderating effect of
disease on the association between rFDG and FC topology. An important drawback of the current study,
however, was the absence of amyloid and tau imaging, which could help to assess the credibility of our
hypothesis regarding the role of AD pathology on rFDG and FC topology coupling. Thus, we �nd it
imperative for future studies to test the pathogenic role of amyloid/tau on metabolism-topology
decoupling through simultaneous in vivo amyloid and tau PET imaging. Another limitation was the age
gap between patients and HCs. Although we corrected for the effect of age by adding it as covariate of
no-interest in our GLM models, the residual effect of age may still exist or has not-linear effects on
functional brain networks [65]. We also �nd it compelling to validate the current results using larger
datasets. Other potential limitation of this study is the cross-sectional design, which could impede the
drawing of a causal relationship between rFDG and topology changes in AD.

5. Conclusion
The present study using simultaneous evaluation of FDG-PET and rs-fMRI provides evidence regarding
regional neural activity and inter-regional FC alterations in MCI and AD and extends previous �ndings of
aberrant interaction between them. We demonstrated not only regional metabolism and inter-regional FC
were disrupted in patients with MCI and AD, but also there is an adverse effect of AD on coupling between
regional metabolism and inter-regional FC, particularly in the right ITG and SMA, as well as left middle
temporal, supramarginal, and parahippocampal regions. Put differently, abnormal glucose uptake is
linked to aberrant communication among brain regions, probably due to the underlying pathological
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processes in AD. However, future longitudinal studies with larger sample size should further test the role
of pathological biomarkers of AD (e.g., amyloid and tau proteins) on the interplay between regional
metabolism and functional dysconnectivity along the trajectory of disease.
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Figures
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Figure 1

Analysis of covariance on regional glucose metabolism for each region in Harvard-Oxford Atlas. Age and
sex were considered as the covariates of no-interest. Post-hoc test: permutation test (p < 0.05, 100,000
permutations). The size of each node corresponds to absolute mean difference values of regional
glucose metabolism between each pair of groups. AD: Alzheimer disease; HC: healthy control; MCI: mild
cognitive impairment; L: left; R: right.
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Figure 2

Analysis of covariance on whole brain FC topological metrics for each region in Harvard-Oxford Atlas in
A) clustering coe�cient; B) degree centrality. Age and sex were considered as the covariates of no-
interest. Post-hoc test: permutation test (p < 0.05, 100,000 permutations). The size of each node
corresponds to absolute mean difference values of clustering coe�cient/degree centrality between each
pair of groups. FC: functional connectivity; AD: Alzheimer disease; HC: healthy control; MCI: mild cognitive
impairment; L: left; R: right.
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Figure 3

Overlapping brain regions between regional glucose metabolism and inter-regional FC topology metrics
(clustering coe�cient, and degree centrality). Congruent changes refer to similar direction of regional
glucose metabolism and clustering coe�cient/degree centrality between each pair of groups. rFDG:
regional glucose metabolism identi�ed through FDG-PET; CC: clustering coe�cient; DC: degree centrality;
FC: functional connectivity; AD: Alzheimer disease; HC: healthy control; MCI: mild cognitive impairment; L:
left; R: right.
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Figure 4

AD moderated the effect of regional glucose metabolism (rFDG) on predicting the FC derived topological
measures (CC/DC) based on rFDG in overlapping/non-overlapping regions. Results demonstrated that
only in A) right inferior temporal gyrus-temporooccipital part (overlapping region) and B) right
supplementary motor area (non-overlapping region) de�ned by group comparison between AD and HC,
HMMR analysis predicted CC signi�cantly with the two-way interaction (rFDG × clinical diagnosis).
Moreover, in C) right planum temporale (non-overlapping region) de�ned by group comparison between
AD and HC, HMMR analysis predicted DC signi�cantly with the two-way interaction (rFDG × clinical
diagnosis). Figures in the �rst row indicate that CC/DC decreases as a function of rFDG in HC subjects
but increases in AD patients. In the second row, we showed changes in the CC/DC in both HC and AD
groups, when the rFDG is �xed at three low, medium and high levels. The lines for HC and AD are
crossing, indicating an interaction between rFDG and clinical diagnosis. AD: Alzheimer’s disease; HC:
healthy control; HMMR: hierarchical moderated multiple regression; CC: clustering coe�cient; DC: degree
centrality.
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