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Network signatures of age-related
cognitive decline

Amyloid pathology and cerebrovascular disease are
the most frequent, and best characterized, mecha-
nisms linked to age-related cognitive decline and
dementia. The relationship between these mecha-
nisms and phenotypes of normal aging, mild cogni-
tive impairment, and dementia has recently been
explored in vivo with neuroimaging markers of small
vessel disease (SVD) and amyloid deposition (respec-
tively, white matter hyperintensities [WMH] identi-
fied on T2-weighted or fluid-attenuated inversion
recovery [FLAIR] MRI, and binding of the b-amyloid
selective radiotracer Pittsburgh compound B [PiB]
on PET). These techniques have accelerated under-
standing of disease burdens in preclinical and clinical
states of impaired cognition.

However, a plausible systems-level model that ac-
counts for specific disease pathologies and down-
stream changes in cerebral integrative function and
capacity is lacking. Both amyloid pathology and
SVD are widely distributed processes that disrupt
multiple neuronal systems, hence are poorly suited
to conventional lesion-based analysis. An alternative
approach is to consider the consequences of these dis-
eases on the brain’s large-scale structural and func-
tional network architecture. Diffusion tensor
imaging (DTI) reveals multifocal microstructural de-
fects affecting white matter tracts in patients with
Alzheimer disease (AD),1,2 SVD,3 and in mixed syn-
dromes.2 Studies using resting functional MRI indi-
cate a breakdown in network functional connectivity
in AD4 and SVD.5 But how best to analyze and rep-
resent brain network properties? This is generally
accomplished with graph analysis, a statistical meth-
odology that models real-world systems in terms of
nodes (e.g., cortical sites) that are connected by edges
(e.g., white matter tracts and bundles). Graph analysis
is emerging as the preeminent paradigm in the neu-
roscience of networks.6

In this issue ofNeurology®, Kim et al.7 hypothesize
that disruptions in white matter connectivity are a
fundamental mechanism linking b-amyloid deposi-
tion, or SVD, to cortical atrophy and impairments
in cognition. The authors studied 232 patients with

cognitive impairment who were classified according
to well-established criteria as amnestic mild cognitive
impairment, subcortical vascular mild cognitive
impairment, subcortical vascular dementia, and AD.
Participants underwent structural brain MRI (includ-
ing FLAIR, DTI, and cortical thickness measure-
ments), PiB imaging, and neuropsychological
testing. Nodes were defined by anatomical parcella-
tion of the cerebral cortex into 78 regions of interest,
while edges were identified as the mean DTI-derived
fractional anisotropy along white matter tracts con-
necting 2 nodes. Network connectivity was expressed
as “nodal efficiency,” a graph analytical descriptor
that is the reciprocal of the shortest path length
between a node and all other nodes in the network.
The authors used path analysis, a model-driven mul-
tivariable technique, to characterize the relationships
among WMH, PiB retention, nodal efficiency, corti-
cal thickness, and cognitive performance. They found
that WMH volume was linked to reduced nodal effi-
ciency, decreased frontal and temporoparietal cortical
thickness, and reduced performance on tests of exec-
utive and memory function. However, PiB-defined
amyloid burden was associated with temporoparietal
cortical thickness and with executive and memory
scores, but these effects were completely independent
of any changes in nodal efficiency. The authors infer,
tentatively, that vascular cognitive impairment is akin
to a “connectopathy,” while such a conclusion may
not hold in diseases associated with cerebral amyloid
pathology.

The study by Kim et al. is an elegant investigation of
putative relationships among markers of tissue damage,
network disconnection, cortical atrophy, and cognitive
impairment. Results of this multiscale, multiparametric
characterization in a clinically defined population
suggest limitations inherent to current phenotypically
based diagnostic schemes, which are not congruent
with underlying biological abnormalities. The data
extend observations made in another report from the
same group,8 and align with findings in other recent
studies.1–3,9,10 Graph analysis of DTI-defined white
matter tracts in patients with early AD indicates a
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reduction in local network efficiency that is linked to
worse performance on cognitive testing.1 Similarly, a
correlation has been found among WMH burden,
DTI-based local and global measures of network effi-
ciency, and cognitive scores in patients with SVD.3 In
a study of elderly patients with varying levels of cog-
nitive impairment, WMH burden was associated
with damage in projection and association white mat-
ter tracts, whereas PiB retention correlated with loss
of integrity in the fornix and splenium of the corpus
callosum.10 Another study found no relation between
PiB-defined amyloid burdens and DTI evidence of
white matter degeneration.9

Regarding the study by Kim et al., several caveats
need to be considered, most conspicuous of which is
disentangling causation vs correlation. As the authors
acknowledge, their results cannot attest to a causative
sequence of neurobiological events; they highlight a
set of associations whose true magnitude and direc-
tionality require further investigation. The study lacks
an age-matched control group to establish the impor-
tance of abnormalities detected in the diseased popu-
lations. Additional analysis could have explored the
potentially synergistic interaction between vascular
and amyloid-associated etiologies of cognitive decline.
The anatomical parcellation did not incorporate sub-
cortical gray matter nodes (e.g., thalamus, basal gan-
glia), suggesting that the network analysis may have
been truncated; inclusion of thalamic nuclei, which
are critical relays in memory and in executive circuits,
may have yielded different results. Finally, the use of
nodal efficiency as the sole topological network
descriptor is reductive; confirmation of nodal effi-
ciency findings with other graph analytical variables
(e.g., centrality, modularity, clustering coefficient)
could increase the robustness of the reported results.

Overall, this work evokes fundamental questions
that deserve further exploration. Is the cortical atro-
phy in vascular cognitive impairment and amyloid
disease the cause, or the result, of degeneration
observed in white matter tracts? What is the cellular
basis for these imaging abnormalities? How do amy-
loid deposition and vascular mechanisms synergize
to alter network connectivity? What is the relation-
ship between connectopathies identified using ana-
tomical vs functional techniques? Can therapeutic
interventions be designed to reverse abnormalities

in node organization or between-node connectivity?
Answering these questions could substantially
advance the recognition and treatment of age-
related disorders of cognition.
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