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Abstract Metabolic connectivity analysis of resting
"E_.FDG PET is based on the assumption that brain regions
whose metabolism is significantly correlated at rest are
functionally associated and that the strength of the asso-
ciation is proportional to the magnitude of the correlation
coefficient. Therefore, this method could be used to eval-
uate connectivity networks independently on the basis of
performance in specific tasks. Published studies have pro-
vided evidence that metabolic connectivity substantially
overlaps underlying anatomical pathways and depends on
the location of the analyzed regions, but is not influenced
by their size. The present review focuses on the methods
and meaning of resting inter-regional correlation analysis
of cerebral metabolic rate of glucose consumption in Alz-
heimer’s disease. Accordingly, we describe the evolution
of analytical tools from the correlation with a single region
of interest to a voxel-based statistical parametric mapping-
based approach. We also discuss the pathophysiologi-
cal implications of metabolic connectivity studies both
for Alzheimer-related disconnection syndrome and for
default-mode network impairment and compensation
mechanisms.
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Introduction

Alzheimer’s disease (AD) is the most prevalent dementing
disorder worldwide and is pathologically defined by the
presence of amyloid aggregations (neuritic plaques, NP)
and tau pathology (neurofibrillary tangles, NFT) [1, 2].
Neuropathological data in AD reveal that NFT are promi-
nent in the medial temporal lobe (MTL) early in the disease
and then progress outward [3], while NP have a broader
cortical distribution that includes but is not especially
prominent in the MTL [4]. Moreover, recent pathological
studies have led to the hypothesis that NFT predominate in
pyramidal neurons that form corticocortical connections
between and within the cerebral hemispheres, whereas NP
are prevalent at the end of these tracts and in their collateral
branches [5, 6]. Consequently, AD pathophysiology could
be the result not only of damage to one or more neuronal
systems, but also of a disruption of the brain’s connectivity
due to abnormal interactions between neuronal systems [6].

Consistent with this pathology, magnetic resonance
imaging (MRI) in early stage AD demonstrates MTL
atrophy [7, 8] while functional imaging with '*F-FDG PET
reveals hypometabolism with a characteristic parietotem-
poral and posterior cingulate pattern [9].

The concept of a corticocortical disconnection syndrome
in AD was initially investigated using blood-oxygen-level-
dependent (BOLD) fMRI, which can identify functional
networks related to the joint activation of brain areas
involved in different cognitive functions [10]. Several
fMRI studies have shown that patterns of activation are
changed in AD patients during the performance of certain
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tasks [10, 11]. Similarly, PET activation studies with HéSO
have also been analyzed in terms of functional connectivity
and have demonstrated reduced functional interactions
implying an anterior-posterior disconnection [12]. Since
these approaches focus on the networks that directly
underlie specific task performance, they do not evaluate the
more general concept of impaired connectivity in AD, nor
do they directly address impairment of the default-mode
network (DMN). This network, which includes the medial
prefrontal cortex, posterior cingulate, and inferior parietal
lobule, is thought to be mainly active in resting conditions
when individuals are engaged in internally focused tasks
including autobiographical memory retrieval, visualizing
the future, and conceiving the perspectives of others [13].
Several lines of evidence suggest that in the preclinical
stage of AD, beta amyloid deposition is present mainly in
DMN regions [14] and that impairment of the DMN may
represent a sensitive and specific biomarker of incipient
AD. Among the methods proposed for studying the DMN
in AD, resting-state fMRI reflects spontaneous neuronal
activity and/or the endogenous neurophysiological pro-
cesses of the human brain in the resting state (see Liu et al.
for a review [15]), while H2>0 PET studies allow analysis
of covariance of rest-specific regional cerebral blood flow
patterns [16]. Recent combined resting-state fMRI and
amyloid PET studies have provided, in vivo, further evi-
dence of the pathophysiological meaning of impaired
connectivity in AD. Indeed, two elegant studies, by
Drzezga et al. [14] and Sheline et al. [17], investigated
disruptions of functional whole-brain connectivity in non-
demented older individuals with increased amyloid burden
and demonstrated a negative correlation between whole-
brain connectivity values and amyloid burden. These
results indicate that not only hypometabolism but also
disruption of connectivity may be an early functional
consequence of emerging molecular pathology of AD
evolving prior to the clinical onset of dementia. Finally,
resting-state functional connectivity and the default net-
work can be investigated using 'F-FDG PET measures of
resting glucose metabolism independently of vascular
coupling [18-22]. The present review focuses on the
methodology and meaning of this latter analysis, which is
more often referred to as metabolic connectivity analysis.

The rationale of metabolic connectivity analysis

Among the functional neuroimaging techniques, '*F-FDG
PET has the unique ability to estimate the local cerebral
metabolic rate of glucose consumption (CMRgl), thus
providing information on the distribution of neuronal death
and synapse dysfunction in vivo [23]. '®F-FDG is trans-
ported into in the cell, just like glucose, and then trapped.
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As a result, it has become a well-established in vivo marker
for measuring the CMRgl [24, 25]. Indeed, the high energy
demands of neuronal synaptic activity are met by the
provision of lactate through glia cells, leading to increased
glucose consumption in these cells [26]. In particular, when
"E_EDG PET is performed at rest, glucose uptake distri-
bution is driven mainly by basal neuronal glutamatergic
activity and, therefore, provides an index of general neural
integrity [27]. Thus, glucose metabolism has been shown to
be closely coupled to neuronal function both at rest and
during functional activation [26]. In the field of degener-
ative dementias, specifically that of AD, FDG PET plays a
major clinical role by showing (or not) a disease-specific
pattern of hypometabolism thought to correspond broadly
to the brain regions damaged in the earliest stages of the
disease [28], which are, interestingly, part of the DMN.
However, '®F-FDG studies both in patients with neurode-
generative diseases [29] and in patients with brain tumors
[27, 30] also revealed hypometabolism in brain areas
neurally connected to the structurally damaged site. This
phenomenon, called diaschisis, is well evident also in the
clinical single-patient setting and implies that '*F-FDG
PET is capable of identifying functional alterations deter-
mined by the loss of neuronal connections.

Accordingly, by calculating correlation coefficients—or
patterns of intercorrelations—between FDG uptake values,
it is possible to estimate the functional association between
cerebral areas.

Investigation of intercorrelation patterns of FDG uptake
[18] provided results substantially overlapping with ana-
tomo-functional data, thus legitimizing the assertion that
functional interactions reflect the underlying anatomical
pathways. Therefore, interregional correlations of glucose
metabolic rates are generally discussed in terms of “traffic
(metabolic-functional connectivity) on the anatomical
‘roads’ present in the brain” which, by contrast, can be
investigated using other neuroimaging methods, such as
diffusion tensor imaging [21, 31].

Resting metabolic connectivity: evolution of the method

The first studies investigating resting intercorrelations of
glucose metabolic rates between brain regions in AD were
published in the 80s by Horwitz and colleagues [19]. These
authors defined functional interactions as the intercorrela-
tions between different brain regions. The basic concepts
are that pairs of brain regions whose regional CMRgl
(rCMRgl) values are significantly correlated are function-
ally associated and that the strength of the association is
proportional to the magnitude of the correlation coefficient.

This study [19] evaluated rCMRgl in 28 pairs of bilat-
eral and three midline regions of interest (ROI) in AD
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patients and controls; then, for both AD patients and con-
trols, the rCMRgl measurements were used in separate
correlation matrices to evaluate partial correlation coeffi-
cients between the ROIs. In these correlation matrices, the
brain regions were divided into frontal, parietal, temporal,
occipital, and non-cortical seeds. A reduced number of
frontal—parietal correlations and a loss of partial correla-
tions between homologous right-left ROI were highlighted
in AD patients with respect to controls. Moeller and col-
leagues [32] approached the study of the brain metabolic
network in more formal mathematical—statistical terms,
through the Scaled Subprofile Model (SSM). This novel
model, basically a form of principal component analysis,
explicitly represented rCMRgl profiles as a combination of
region-independent global effects, a group mean pattern,
and a mosaic of interacting networks. They applied this
approach in 12 demented AIDS patients and 18 normal
controls. Two significant metabolic covariance pattern
descriptors that together accounted for 71-96 % of the
rCMRgl variation across subjects for 22/28 regions in the
AIDS group were extracted. These descriptors were highly
correlated with performance on several neuropsychological
tests, providing independent validation of the analysis
technique as a means of discovering and describing
behaviorally related components of group rCMRgl profiles.

In the early 90s, Azari and colleagues [33] applied a
similar multiple regression/discriminant analysis to assess
individual differences in patterns of rCMRgl interdepen-
dencies and confirmed weaker functional interactions (less
positive correlations) in AD patients. In the wake of these
pioneering studies, the concept of metabolic connectivity
was proposed, based on the same assumptions but
exploiting the statistical parametric mapping (SPM)
approach. Mosconi et al. [20] performed whole-brain
voxel-based correlation analyses to assess functional
interactions of the entorhinal cortex (EC), defined as vox-
els, whose activity significantly correlates with rtCMRgl in
the EC. EC rCMRgl data were extracted from the left and
right hemispheres by means of the Marsbar toolbox for
both controls and AD patients. Then, EC rCMRgl values
were used as covariates of interest in a further SPM anal-
ysis. More recently this SPM approach to metabolic con-
nectivity has been refined by Lee et al. [21], who
systematically explored metabolic connectivity based on
voxel-wise interregional correlation analysis of SPM in
normal healthy adults, thus establishing normative data of
interregional metabolic connectivity. In this study, PET
images were spatially normalized to the Korean standard
PET template of young male adult subjects; then, FDG
mean counts were extracted using a structural probabilistic
map for 70 brain volumetric regions (volumes of interest,
VOI) [34, 35] and 28 cytoarchitectonically defined VOI
[36]. Probability-weighted mean counts for each seed VOI

were globally normalized with respect to individual gray
matter mean counts.

For interregional correlation analysis, extracted mean
regional VOI counts were used as covariates to find regions
showing significant voxel-wise correlations across subjects
using SPM2. Moreover, to evaluate the effect of VOI size
on correlation extent, seed VOI sizes were compared with
sizes and size ratios, respectively, of correlated areas. This
study confirmed that interregional correlation analysis of
FDG PET maps offers a means of examining voxel-wise
regional metabolic connectivity of the resting human brain.
Moreover, the findings of Lee et al. indicate that patterns of
metabolic connectivity of functional brain units depend on
their regional locations and are not influenced by VOI size.
Finally, an alternative way of assessing metabolic con-
nectivity has been provided by Huang and colleagues [37]
who proposed a method based on sparse inverse covariance
estimation (SICE) for identifying functional brain con-
nectivity networks from '®F-FDG PET data. After pre-
processing of the images, the authors built a brain
connectivity model for AD by computing a sample
covariance matrix of 42 VOI (in the frontal, parietal,
occipital, and temporal lobes) in 49 AD patients. This
method was able to identify both the structure and strength
of the connectivity network for a large number of brain
regions, even with small sample sizes. The authors sug-
gested that this method can also be used for classifying new
subjects, which would make it a suitable approach for
novel connectivity-based AD biomarker identification.

Metabolic connectivity and the hippocampal issue

The EC and the hippocampus are among the first regions
targeted by AD pathology [38]. However, while several
observations suggest that early hippocampal structural
brain damage in AD is coupled with hypofunction and
specifically reduced brain glucose metabolism, hippocam-
pal hypometabolism is not always evident on PET studies
[38]. Conversely, hypometabolism can be found in the
posterior parieto-temporal cortex, lateral occipital cortex,
precuneus, and posterior cingulate (PC) [9, 29] in various
combinations in individual cases. It has thus been
hypothesized that decreased posterior parietal and PC
activity in prodromal AD (pAD) reflects decreased con-
nectivity especially with the EC and hippocampus [39].
This hypothesis, which fits well with the concept that '®F-
FDG PET reflects brain glucose consumption at synaptic
level, has been tested and confirmed by two metabolic
connectivity studies. In the already mentioned study by
Mosconi et al. [20] that a voxel-based correlation analysis
of EC indicated an altered functional relationship between
the EC and several cortical and limbic regions in AD with
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respect to normal aging. These results were confirmed using
a different approach to metabolic connectivity analysis.
Indeed, other authors [37], by means of SICE analysis,
demonstrated that compared with normal controls, AD
patients show a decrease in the amount of interregional
functional connectivity within the temporal lobe, especially
between the areas around the hippocampus. Similarly, more
recently, in the context of a project by the European Alz-
heimer’s Disease Consortium (EADC) [22], a metabolic
connectivity analysis of both hippocampi was performed in
36 pAD patients and in two independent groups of 36 and
69 age-matched healthy controls. Prior to interregional
correlation analysis, the area of hypometabolism in pAD
was assessed. This preliminary step aimed to identify
regions characterized, or otherwise, by relative hypome-
tabolism in AD with respect to controls. As compared with
the controls, the pAD patients showed relative hypome-
tabolism in a large region including the posterior parietal
cortex, precuneus, PC in both hemispheres, and lateral
temporal lobe in the left hemisphere. Therefore, like pre-
vious PET studies, this analysis failed to find significant
hippocampal hypometabolism in AD in comparison with
controls. Accordingly, the authors specifically aimed to
identify impairment of hippocampal metabolic connectivity
even in the absence of hippocampal hypometabolism. In
both the patient and control groups, extracted normalized
mean hippocampal VOI counts were used as covariates to
find regions showing significant voxel-wise correlations
across subjects according to the procedure validated by Lee
et al. [21]. Besides the expected autocorrelation, in both
control groups, hippocampal metabolism showed correla-
tions with the temporal, frontal, occipital cortex, and cau-
date nucleus. By contrast, in pAD patients, metabolism of
both hippocampi showed autocorrelation and correlation
with both the contralateral one and the amygdala. These
findings strongly support the hypothesis that decreased
posterior cingulate cortex activity in pAD reflects decreased
connectivity, especially with the EC and hippocampus, and
indirectly testifies to their damage. Figure 1 shows an
example of metabolic connectivity analysis of the left hip-
pocampus in controls and in a group of pAD patients.

Metabolic connectivity and the default-mode network

In addition to this confirmation of hippocampal discon-
nection, Morbelli et al. [22] provided further insight into
DMN alteration in AD. In fact, both hippocampi showed
correlations with the cuneus, precuneus, and posterior
cingulate in controls, but not in pAD patients. Several
fMRI studies of resting-state functional connectivity sug-
gested that the hippocampus, even when not engaged in a
specific task, is functionally connected with the DMN, in
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particular with the posterior cingulate and precuneus [40].
The lack of DMN-hippocampal metabolic correlation in
the pAD group is thus in keeping with the reported per-
turbation of the DMN in AD [40] and is consistent with the
expected abnormalities in large-scale memory networks
[41]. In another study by the multicenter EADC group,
metabolic connectivity analysis was used to investigate the
presence of cognitive reserve (CR) in the early stages of
AD [42]. The results of this study are discussed in detail in
the next paragraph. However, as well as confirming the
existence of CR in AD patients, the results of this second
study provide further support for the importance of the
DMN in AD pathophysiology. In fact, evidence from this
study proved that CR in pAD patients is mediated by a
prefrontal-posterior network which partially overlaps the
topography of the DMN. The DMN is thought to be
deactivated during task performance and this deactivation
has been shown to be less pronounced in the early stage of
AD. Previous studies demonstrated that CR modulates not
only task-related brain activation areas but also deactiva-
tions of the DMN [43]. Since the degree of deactivation of
the DMN is thought to reflect cognitive effort in elders
[43], the pattern of reduced deactivation in the DMN in
high CR elders has been interpreted in terms of more
automatic processing [44]. In keeping with this hypothesis,
the metabolic network highlighted by Morbelli et al. [42]
was found to be more pronounced in highly educated pAD,
even with respect to highly educated controls.

Metabolic connectivity and cognitive reserve

Cognitive reserve is the term used to refer to the hypoth-
esized capacity of an adult brain to cope with brain damage
in order to minimize symptomatology [45]. In the field of
neuroimaging, CR has been defined by the difference
between an individual’s expected cognitive performance,
given a particular level of imaging-assessed brain damage,
and his actual cognitive performance.

Several '®F-FDG PET studies have demonstrated the
presence of CR in AD patients, albeit mainly indirectly,
through the demonstration of an inverse relationship
between metabolism (‘*F-FDG) and education/occupation
[46] or intellectual ability [47]. To better understand CR, it
is, however, crucial to identify the networks (not only
regions) that allow implementation of CR in the presence of
AD-related damage, and cognitive activation studies using
H,0' PET and fMRI have been performed [48] to pursue
this objective. However, it can be hypothesized that CR is
mediated by a generic network that is not necessarily task-
specific. Accordingly, metabolic connectivity analysis
could be an ideal tool for testing the hypothesis of the
presence of a CR-specific network in AD. In the
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Fig. 1 Example of the results A
of voxel-wise interregional

correlation analysis of the left

hippocampus (HC) in 36 normal

elderly control subjects (CTR)

(a) and 36 prodromal

Alzheimer’s disease patients

(pAD) (b). In the CTR, left HC

metabolism showed, besides the

expected autocorrelation,

correlations with the temporal,

frontal, and occipital cortex and

striatal nucleus bilaterally,

while in the pAD, HC

metabolism showed only

autocorrelation and correlation

with contralateral homologous B
HC

10

0

aforementioned EADC study [42], several preliminary steps
were taken prior to the metabolic connectivity analysis. In
particular, to investigate functional mechanisms that
mediate CR, highly and poorly educated pAD patients
expressing the same level of cognitive symptoms were
compared bidirectionally. On the one hand, this comparison
provided confirmation that AD-typical damage is more
pronounced in highly educated subjects. On the other, the
analysis demonstrated the presence of relatively higher
metabolic levels in the right inferior, middle, and superior
frontal gyri in highly educated pAD. These regions, sub-
stantially corresponding to the right dorsolateral prefrontal
cortex (DLFC), were then saved as VOI, normalized to
cerebellar counts and included as covariates in the sub-
sequent metabolic connectivity analysis not only in highly
and poorly educated pAD patients, but also in two groups of
highly and poorly educated age-matched controls. The
importance of performing this analysis both in patients and
in controls is that it makes it possible to investigate both the
neural reserve and neural compensation components of CR.
In fact, according to the definition of Yaakov Stern, neural
reserve reflects preexisting brain networks that are more
efficient or have greater capacity and may, therefore, be less
susceptible to disruption, while neural compensation refers
to the adoption of new, compensatory brain networks after
pathology has impacted on those networks typically utilized

for particular tasks [49]. In highly educated pAD patients,
metabolism in the DLFC correlated extensively with that of
several cortical areas in both hemispheres (frontal, tempo-
ral, occipital cortex, parahippocampal gyrus, and precu-
neus) as well as with that of the cerebellar hemispheres,
while it was basically only autocorrelated in poorly edu-
cated pAD. When metabolic connectivity analysis of the
right DLFC was extended to the control groups, it was
demonstrated that the extensive DLFC-related metabolic
network highlighted in highly educated pAD was indeed
present and topographically similar in highly educated
controls, but was quantitatively less pronounced with
respect to what was observed in highly educated pAD.
Accordingly the connectivity analysis demonstrated that
CR in pAD patients with a high level of education is a result
of both neural reserve and neural compensation. See Fig. 2
for a point-by-point comparison of the distribution of the
results of the voxel-wise interregional correlation analysis
of the DLFC in a group of a highly educated pAD patients
and in a group of age- and education-matched controls.

Metabolic connectivity as a diagnostic probe?

An interesting possibility, to be exploited and explored in
further research, is that of using resting metabolic

@ Springer



276

Clin Transl Imaging (2013) 1:271-278

Fig. 2 Point-by-point
comparison of the distribution
of the results of the voxel-wise
interregional correlation
analysis of the dorsolateral
prefrontal cortex (DLFC) in a
group of highly educated pAD
patients and a group of age- and
education-matched controls.
Brain regions significantly
correlated with DLFC
metabolism are superimposed
on an MRI scan and shown in
green for pAD and in red for
controls. The extensive DLFC-
related metabolic network
highlighted in highly educated
pAD is present and
topographically similar in
highly educated controls but is
less extensive with respect to
what is observed in highly
educated pAD

connectivity analysis on an individual basis to predict cog-
nitive decline or response to disease-modifying therapy. To
this end, Toussaint and colleagues [50] investigated the
diagnostic power of FDG metabolic patterns in AD by
combining voxel-based group analysis and independent
component analysis to extract differential characteristic pat-
terns from '®F-FDG PET data in a large cohort of normal
elderly controls and patients with AD. The obtained patterns
were then used in conjunction with a support vector machine
to discriminate pAD patients within a group of subjects with
mild cognitive impairment (MCI). This approach showed
80 % accuracy (85 % sensitivity and 75 % specificity) and
thus allowed improved and early detection and differentiation
of typical versus pathological metabolic patterns in the MCI
population. The authors concluded that this method has the
potential to identify, early in the course of the disease, indi-
viduals at high risk of rapid cognitive decline who could be
candidates for new therapeutic approaches. Although these
results are very intriguing, further studies and, possibly, user-
friendly software development are still needed to establish
whether this approach could be used by the pharmaceutical
industry to better stratify subjects in secondary prevention
trials or for clinical diagnostic purposes.

Conclusions

Metabolic connectivity analysis has provided new insight
into AD pathophysiology by providing further evidence of
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DMN impairment, hippocampal disconnection, and both
cognitive reserve and compensation mechanisms in the
preclinical stage of the disease. Metabolic connectivity
studies show that supplementing standard inspection with a
comprehensive evaluation of 'F-FDG distribution in the
resting brain may allow a more complete understanding of
AD pathophysiology and possibly increase the diagnostic
sensitivity of '"SF-FDG PET. Further studies are needed to
evaluate whether resting metabolic connectivity studies can
be used on an individual basis to predict cognitive decline
or response to disease-modifying therapy.
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