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A panel of clinical and neuropathological
features of cerebrovascular disease through
the novel neuroimaging methods

Gilberto Sousa Alves', Luiza de Amorim de Carvalho', Felipe Kenji Sudo??,
Lucas Briand', Jerson Laks*?, Eliasz Engelhardt®

ABSTRACT. The last decade has witnessed substantial progress in acquiring diagnostic biomarkers for the diagnostic
workup of cerebrovascular disease (CVD). Advanced neuroimaging methods not only provide a strategic contribution for
the differential diagnosis of vascular dementia (VaD) and vascular cognitive impairment (VCI), but also help elucidate
the pathophysiological mechanisms ultimately leading to small vessel disease (SVD) throughout its course. Objective:
In this review, the novel imaging methods, both structural and metabolic, were summarized and their impact on the
diagnostic workup of age-related CVD was analysed. Methods: An electronic search between January 2010 and 2017
was carried out on PubMed/MEDLINE, Institute for Scientific Information Web of Knowledge and EMBASE. Results: The
use of full functional multimodality in simultaneous Magnetic Resonance (MR)/Positron emission tomography (PET) may
potentially improve the clinical characterization of VCI-VaD; for structural imaging, MRI at 3.0 T enables higher-resolution
scanning with greater imaging matrices, thinner slices and more detail on the anatomical structure of vascular lesions.
Conclusion: Although the importance of most of these techniques in the clinical setting has yet to be recognized, there is
great expectancy in achieving earlier and more refined therapeutic interventions for the effective management of VCI-VaD.
Key words: neuroimaging, vascular, PET, MRI, diffusion tensor imaging, DTI, novel methods.

UM PAINEL DE CARACTERISTICAS CLINICAS E NEUROPATOLOGICAS DA DOENGA CEREBROVASCULAR ATRAVES DOS NOVOS
METODOS DE NEUROIMAGEM

RESUMO. A (ltima década vem testemunhando avangos substanciais na aquisicdo de marcadores biologicos para o
diagnostico da doencga cerebrovascular (DCV). Os métodos de neuroimagem avangados ndo apenas fornecem uma
contribuicdo estratégica para o diagnostico diferencial do comprometimento cognitivo vascular (VCI) e deméncia vascular
(vaD), mas contribuem substancialmente na elucidacdo dos mecanismos fisiopatologicos relacionados a doenca de
vasos pequenos (SVD) e sua progressao clinica. Objetivo: Nesta revisdo, métodos de imagem estruturais e metabdlicos
foram descritos e sua importancia diagnostica analisada, particularmente na investigacdo da CVD relacionada ao
envelhecimento. Métodos: uma pesquisa eletronica de janeiro de 2010 a 2017 foi realizada através do PubMed/
MEDLINE, do Instituto de Informagédo Cientifica Web of Knowledge e da EMBASE. Resultados: O emprego de estudos
de multimodalidade plenamente funcional com Ressonancia Magnética (MR)/ Tomografia por Emissdo de Pésitrons
(PET) representa uma janela para a caracterizacdo clinica mais detalhada da VCl-VaD; com relacdo a neuroimagem
estrutural, a ressonancia magnética em 3,0 T vem permitindo varreduras com maior resolugéo e matrizes de imagem
mais elevadas, cortes mais delgados e maior detalhamento anatomico das lesdes vasculares. Conclusdo: Embora a
importancia da maior parte dessas técnicas no cendrio clinico aguarde reconhecimento, ha uma grande expectativa de
que o seu uso favorega intervengoes terapéuticas progressivamente mais precoces e refinadas para o gerenciamento
efetivo do VCI-VaD.

Palavras-chave: neuroimagem, vascular, PET, ressonancia magnética, imagem de tensor de difusdo, DTI, métodos
inovadores.
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INTRODUCTION
Vascular cognitive impairment (VCI) is an umbrella
term denoting a continuum of behavioral and cog-
nitive deficits associated with cerebrovascular disease
(CVD).*® CVD is estimated to occur in one third of the
population, often being recognized as a pathological
finding on conventional Magnetic Resonance Imaging
(MRI).**4 Depending on the site, intensity, and severity,
CVD may either cause or contribute to further cognitive
impairment.?®

Over the last decade, there has been substantial
progress in acquiring diagnostic biomarkers for the
diagnostic workup of neurodegenerative and vascular
disorders.?® In vivo brain imaging has been applied for
several decades to identify brain structural (disease-
specific atrophy) and functional (disease-specific hypo-
metabolism) abnormalities. Advanced neuroimaging
methods not only provide a strategic contribution for
the differential diagnosis of vascular dementia (VaD),
but also help elucidate the pathophysiological mecha-
nisms ultimately leading to small vessel disease (SVD)
throughout aging.® One example of the growing impor-
tance of structural and functional imaging markers on
the diagnostic work up of dementia is that the fifth edi-
tion of the DSM (2013) has changed to include a broader
definition of cognitive impairment, the neurocognitive
disorder. These criteria stress the need to support the
etiological diagnosis with neuroimaging markers.°

In a relatively short period, particularly in the last
15 years, structural neuroimaging has evolved from a
quite artisanal approach - focused on the delimitation
of pre-defined Region of interest (ROIs) — to powerful
volumetric-based morphometry (VBM) analysis,”® a
measure based on a voxel-wise comparison of highly
localized gray matter (GM) regions between two clini-
cal groups. VBM tests for residual tissue concentration
differences that remain after spatial normalization into
the same standardized stereotaxic space and method
calculations rate the within-voxel concentrations of
GM (i.e., differences in the proportion of GM contained
within a given voxel).*'® Accordingly, the specific con-
tribution of molecular imaging provided by nuclear
medicine techniques such as Single Photon Emission
Computed Tomography (SPECT) and Positron Emis-
sion Tomography (PET) has been profound, with major
improvements regarding specificity, imaging resolution,
and more recently, functional multimodality.

Early reports from structural studies have identi-
fied subcortical hyperintensities as macroscopic white
matter (WM) changes which have been cited by sev-
eral reports as associated with CVD-VCI, mood disor-
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ders, executive dysfunction and higher conversion to
dementia. In functional terms, it is hypothesized that
cognitive deficits observed in subcortical VCI arise when
infarcts in the WM lead to the disruption of neuronal
circuits connecting cortical and subcortical structures.
Despite the substantial progress on the characteriza-
tion of cognitive deficits and the early identification of
minor vascular lesions, other important issues related
to CVD, such as the neuropathological etiology of these
lesions, remain a subject of intensive research in the last
decade, with studies evolving to address the relationship
between normal-appearing WM and amyloid angiopathy
or Wallerian Degeneration.** On the other hand, cere-
bral microbleeds (CMB) or cerebral microhemorrhages
(CMH) are small hypointense lesions with variable cut-
off size - typically between 5 and 10 mm - that have
been attracting growing interest in recent years. Previ-
ous literature has shown an increased number of CMBs
in MCI (around 11%) and there is an extensive debate
on the significance of these lesions in terms of higher
conversion to dementia.™

In this brief review, we aim to summarize some of
these novel implementations, both in the macro and
microanatomy and radiotracer aspects, and discuss their
impact on the diagnostic workup of age-related cogni-
tive disorders, focusing on the field of VCI-VaD.

METHODS

A review of the literature (Table 1) published between
January 2010 and 2017 was performed through
searches on the electronic databases PubMed/MEDLINE
(http://www.ncbi.nlm.nih.gov/pubmed/), Institute for
Scientific Information Web of Knowledge (http://www.
isiknowledge.com) and EMBASE (http://www.embase.
com), using the following terms: “structural neuroim-
aging”, “cerebrovascular”, “vascular dementia”, “vascular
cognitive impairment” “aging”, “diffusion tensor
imaging”, “DTT”, “MRI”, “VBM”, “molecular neuroim-
aging”, “SPECT” and “PET” search. Firstly, the complete
abstract wasread, with the first paper selection. A second
selection included the full reading of the papers. Articles
were included if they focused on clinical and therapeutic
applications of novel neuroimaging techniques in the
assessment of cognitive symptoms of VCI-CVD-VaD.
Although we designed a non-systematic review, article
retrieval and selection were performed following the
main recommendations of the Moose guidelines.’

RESULTS

A total of 790 articles were retrieved and 127 remained
for further analysis, after primary exclusion. A total of
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25 studies were subsequently considered eligible for
inclusion and discussion.

PET and SPECT. Both PET and SPECT have been inten-
sively applied in the last 20 years to quantify changes
in regional brain function induced by age-related disor-
ders®®” The most widely utilized PET tracer in cogni-
tive disorders is 2-[18F] fluoro-2-Deoxy-D-glucose
(FDG) PET for measurements of cerebral metabolic
rate of glucose (CMRglc), an indicator of different
parameters, e.g., neuronal activity, oxygen consump-
tion, synaptic alterations and molecular changes.'®’
Studies have shown that CMRglc reductions occur in
AD-risk states,™ in preclinical AD,*® and correlate with
disease progression® with higher accuracy than the
Mini-Mental State Examination and ADAS-cog.”®

Considerable technical improvements have been
made in SPECT and PET methodology, propelling the
introduction of modern hybrid technology,” which
has improved structural — functional assignments that
have paved the way for SPECT/CT and PET/CT towards
accepted clinical imaging standards.'®* The beneficial
effects of hybrid systems are clear for brain scans, since
post-hoc software-based image fusion of independently
acquired imaging data may be employed as a well-
established and precise method.” Advanced technol-
ogy implemented in modern hybrid devices offers the
opportunity to reduce image acquisition times,?? and to
use low-dose CT for accurate attenuation correction of
brain scans on SPECT/CT and PET/CT. More recently,
with the advent of simultaneous MR/PET,?* novel solu-
tions for adequate attenuation correction have been
proposed,”?” but also improved algorithms for head
motion correction utilizing MRI-based motion tracking
in combination with PET list mode data motion correc-
tion,?®* having a major impact on the spatial resolution
of brain imaging studies.

True multimodality. The most fundamental advantage
of MR/PET is a major advancement in true multimo-
dality,?** e.g. structural-functional and functional-
functional. Due to the distinctiveness of structural MRI
sequences yielding quantitative MR applications,?"*?
a more refined clinical structural depiction of brain
lesions has become possible, along with the functional
characterization provided by PET tracer measurements.

Indeed, all the methodological improvements of
recent years have also led to important enhancement
in the diagnostic characterization of cognitive disorders,
improving the specificity and sensitivity of human imag-
ing biomarker studies." For instance, the possibility of
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full functional-functional multimodality in simultane-
ous MR/PET; hybrid protocols offer for instance parallel
FDG PET and MRI-spectroscopic imaging,* improving
the molecular imaging characterization of CVD and
neurodegenerative disorders; or, parallel dynamic ligand
acquisitions in combination with functional MRI tech-
niques (e.g. BOLD fMRI, resting state fMRI, continu-
ous arterial spin labeling, contrast-enhanced perfusion
techniques, etc.) under pharmacological or non-phar-
macological experimental challenges, are expected to
advance molecular characterization of neurodegenera-
tive disorders and CVD in clinical human neurosciences.
Finally, improvements in PET imaging temporal resolu-
tion have opened a field for integrating time-of-flight33**
information into the reconstruction process, leading to
the high resolution of today’s PET/CT systems, again,
improving imaging capabilities, potentially reducing
acquisition times and improving the specificity of the
imaging set-up.

While in AD the best-recognized biomarkers that
can be detected in cerebrospinal fluid and blood are
amyloid-f3, tau-protein and phosphorylated tau-protein
(phospho-tau), for VaD no specific biomarker is avail-
able. Nevertheless, in VaD, FDG PET usually differenti-
ates widespread areas of focal cortical and subcortical
hypometabolism from the pattern typically found in AD,
with markedly lower metabolic rates in temporal-pari-
etal lobes.'” Additionally, in VCI-VaD, the metabolic ratio
seems to be generally higher than in the AD group.””
Another study conducted by Kim et al.* investigated
the profile of negative [(subcortical vascular dementia)
(n=24)] and positive [(AD), (n=81)] amyloid-f} patients
using 11C PiB PET. When compared to AD, the negative
amyloid-f3 (subcortical vascular patients) cases showed
more pronounced cortical thinning in the bilateral infe-
rior frontal, superior temporal gyri and orbitofrontal
lobes. Findings also evidenced that, in these areas, SVD
independently contributed to cortical atrophy through
different mechanisms than those of AD.*®

More recently, F-18 labeled amyloid PET tracers have
been introduced, including compounds such as [18F]Flo-
rbetaben,3%%8 [18F]Flutemetamol®**° and [18F]Florbeta-
pir.***2 These novel compounds offer the major advan-
tages of a longer half-life of the radioactive label (110
min), allowing a much wider distribution of amyloid PET
scans, even in institutions without an on-line cyclotron
facility. Another innovative method to specifically char-
acterize AD pathology by PET imaging is through the
use of selective in-vivo tau PET tracers, which allow the
quantifying of tau aggregation in the brain.**** Neuro-
pathological studies of AD show a strong association



between tau deposits, decreased cognitive function, and
neurodegenerative changes, and selective tau imaging
enables these associations to be explored in vivo.*®

Although qualitative findings achieved with amyloid
tracers are robust, quantitative measures of amyloid
tracer retention show considerable variability across
centers. Therefore, standardization of acquisition pro-
tocols, subject management, tracer administration,
image quality control, and image processing and analy-
sis methods has become an important issue for improv-
ing the accuracy of quantitative amyloid PET measure-
ments.* This is of particular importance for longitudinal
multi-center studies, and for improving the sensitivity
of intervention effects targeting amyloid clearance.*®
Recently, a novel method for standardization denomi-
nated ‘Centiloids’ was introduced, which attempts to
standardize the quantitative amyloid data by relating
“nonstandard” analysis methods to a ‘standard’ PIB PET
data analysis and expressing the data after transforma-
tion into the so-called ‘Centiloid scale’.*®

Quantitative Susceptibility Mapping (QSM) of the Brain.
Many biological processes, including regulation of
protein expression,*”*®
transmission require the presence of iron. The accu-
mulation of iron may be found throughout normal
aging,*** for instance in the basal ganglia and hippo-
campus and also in subcortical regions.” In a variety
of cognitive related disorders, including CVD, iron accu-
mulation is thought to play an important role, possibly
due to biochemical alterations related to neurodegener-
ation (e.g., oxidative stress, abnormal neuronal connec-
tivity), although the exact mechanisms are not fully
understood. In rodent models, iron deposition was
associated with WM disruption and atrophy by inducing
endothelial cell damage.>*** More recently, improved
quality and accuracy in the quantification of iron by
MRI has been achieved through quantitative suscepti-
bility mapping (QSM). In the field of vascular-related
disorders, despite limited data, there is increasing
evidence pointing to iron accumulation in putamen
and caudate nucleus when compared to healthy
controls.”**? Similar findings were also reported with
CADASIL (cerebral autosomal-dominant arteriopathy
with subcortical infarcts and leukoencephalopathy),
a genetically defined form of early SVD.>>% Although
most of the literature reported a predominant pattern
of iron deposition in subcortical areas, accumulation
in greater vessels has also been mentioned, in this case
leading to more extensive vascular damage.>® Taken
together, these support the idea that iron accumula-

oxygen transport and neuro-
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tion is a marker of neurodegeneration and endothelial
damage, regardless of the underlying process.

High field MRI of the Brain. The main advantage of 3.0 T
over lower-field MR scanners is a better sign-to-noise
ratio (SNR), which increases roughly linearly with
the strength of the magnetic field.>* From 2004 on, a
number of studies have been conducted to assess white
matter damage in diseases such as multiple sclerosis,*
Alzheimer’s disease (AD),>* and adrenoleukodystrophy*®
with 3.0 or 4.0 T MR scanners, and evaluation of
iron deposition in neurodegenerative and cerebro-
vascular disease at 7 T.*** Consequently, imaging at
3.0 T enables higher-resolution scanning with larger
imaging matrices, thinner slices and more detail on
anatomical structure, without extending (or extending
minimally) the scan acquisition time. These advan-
tages come with a trade-off of increased sensitivity to
field inhomogeneity (deviation of the local magnetic
field from its average value) and changes in relaxation
times, in turn producing changes in image contrast.>
At comparable acquisition times, images obtained at
3.0 T have a higher quality with an improved resolu-
tion over images obtained at 1.5 T. Alternatively, 3.0 T
MRI can be used to obtain acceptable images, similar
to those obtained at 1.5 T, but at a fraction of the time,
thus reducing potential motion artifacts and providing
greater comfort for patients.

Regarding the study of vascular-related pathology, a
major development is underway, particularly with the
advent of 7 T MRI; previous attempts have been made to
distinguish between vascular occlusion and microinfarc-
tion versus demyelinating disease, for instance in the
differential diagnosis at 7 T between Susac syndrome
and Multiple Sclerosis.*®*” Accordingly, the anatomic
modifications involving dilated perivascular spaces have
been investigated and quantified with greater accuracy
using 7 T MRI,*® showing different patterns and quan-
tification, for instance, in stroke, migraine, CADASIL,
dementia, AD, and mild cognitive impairment. Further-
more, 7 T studies may be more successful in providing a
more detailed picture of the neuropathology of closely
related conditions, such as the case of cerebral micro-
infarcts, whose regional distribution (intracortical and
juxtacortical location)® may indicate chronic or acute
lesions, with the latter being described as gliotic cere-
bral microinfarcts with hemorrhagic components. These
findings can be confidently extended by in vivo MRI in
the context of aging and dementia.

Another useful tool for analyzing subcortical vas-
cular lesions is to mask white matter hyperintensities
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(WHM). Some of the methods are based on the Expec-
tation-Maximization (EM) algorithm, which differ-
entiates brain tissue into WM, GM and cerebrospinal
fluid (CSF). In addition, tissue segmentation from T1
and Flair images through the EM algorithm also enables
the segmentation of lacunar infarcts.®! Finally, the com-
bination of high-field MRI techniques and novel image
sequences, particularly susceptibility-weighted imaging
(SWI), has improved the detection of CMB.*

Cortical thinning and cortical surface analysis. Hippo-
campal and GM reductions are often described in
different forms of CVD and may indicate, with greater
likelihood, conversion to dementia.” In subjects with
subcortical ischaemic vascular dementia (SIVD),
several studies have observed decreased gray matter
both in the total volume® or in regional territories,”*
for instance the frontal and temporal lobes. In addi-
tion, hippocampal volume atrophy, particularly in
the CA1 subfield, seems to be vulnerable to vascular-
related events, for instance, hypoxia and ischemia, as
suggested by rodent-model®
imaging® investigations. More recently, it has been
shown that cortical volume, surface area and cortical
thickness are closely related, and a reduction in cortical
volume may affect either thickness or surface area (or
both).®® Initial studies have attempted to investigate
cortical thinning and found reduction in the perisyl-
vian, medial frontal area and posterior cingulate.®**%¢
More recently, surface area in gray matter has been
found to be reduced in SIVD, particularly in the left
temporal lobe and dorsolateral PFC.®> Possibly, cortical
thinning and atrophy play a greater role in cognitive
decline than the occurrence of WML.%” Taken together,
these findings provide further support for the close
relationship between vascular and neurodegeneration,
highlighting the anatomical relevance of the perisyl-
vian area as a highly sensitive territory to the effects
of cortical thinning, possibly due to ischemic damage
of lateral cholinergic pathways and disruption of fibers
connecting the nucleus basalis of Meynert to frontopa-
rietal and temporal areas.®®

and structural neuro-

The use of support vector machines in GVD. The last
decade has witnessed a great deal of effort in the devel-
opment of methods to quantitatively assess specific
CVD markers and devise metrics allowing the quantifi-
cation of total CVD burden.®® Regarding data analysis,
machine learning-based algorithms for dementia clas-
sification according to the expression of AD-typical
metabolic patterns (but also other imaging parameters)
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are recent developments and have been influencing the
field of cerebrovascular disorders. The most employed
algorithms include K-means clustering, artificial neural
network, random forest and support vector machine
(SVM); the potential advantage of SVM is the classifi-
cation of more than one biomarker combined, further
improving performance accuracy, as demonstrated
by studies matching FDG-PET and structural MRI,
which yielded higher accuracy rates compared to single
modality classification.”®”

Despite the enthusiasm and great potential of these
methods, problems in defining threshold and cluster-
ing approach and the statistical inference for SVM and
the use of permutation tests that ignore SVM margin
still limit the wide applicability of these methods. Fur-
thermore, a number of drawbacks remain regarding the
limited evaluation of findings, particularly the clinical
interpretation of disease mechanisms according to the
classifier’s decision.® Possibly in the future, a better
quantification of the total brain burden of CVD through
machine learning-based algorithms will help promote
both the stratification of patients (rather than using
individual features) and understanding of the cause-
effect relationship between events that ultimately leads
to CVD. Hence, the ambitious achievements of advanced
methods of CVD open a large avenue to unravel the core
neuropathological mechanisms (e.g., axonal degenera-
tion, myelin breakdown) related to vascular disease.®
In the clinical scenario, there is great hope that, in the
years to come, SVM can be employed to identify and
reverse vascular tissue disease at earlier stages, before
lesions become apparent.®®

Diffusion tensor imaging (DTI) and tractography. Diffu-
sion tensor imaging (DTI) is a variant of MRI that non-
invasively measures the diffusion of water in vivo brain
tissues,””" that is highly sensitive for evaluating the
microstructure of WV, including the study of axonal
organization, density of the fibers and even the integ-
rity of the myelin sheath.””> One of the most common
proxies of DTI is fractional anisotropy or anisotropy
fraction (FA), an indirect measure of the molecule
direction in a given set of fibers and bundles of a
brain structure.”””®”® An increasing body of evidence
has demonstrated an association of WM microstruc-
tural abnormalities and FA decreases in the deep WM
and corpus callosum of patients with VCI compared
to healthy controls.® Although largely unknown and
somewhat speculative, a number of studies have also
linked low FA measurements to reduced WM density,
loss of axonal coherence of axonal fibers (loss of struc-
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tural organization), and changes in membrane water
permeability.”” Another promising approach of DTI in
a variety of neuropsychiatric disorders™® is the use of
tractography, which allows non-invasive three-dimen-
sional identification of fiber tracts™#** and enables WM
bundle reconstruction typically found in post mortem
analysis.®® Tractography is based on fiber connec-
tivity probability and anisotropic water movement in
a specific group of fibers and their surroundings. The
technique can be either global or local, probabilistic or
deterministic® (Figure 1).

The use of the isotropic HARDI technique, includ-
ing single shot sequences with no interslice gaps and
use of the HARDI atlas, seems to provide more pow-
erful computational analysis and higher precision ana-
tomical examination of WM integrity.®”#® For instance,
moderate to severe VCI exhibited increased mean dif-
fusivity (MD) in the temporal lobe and decreased FA in
the corpus callosum, superior longitudinal fasciculus
(SLE), internal capsule (IC), corona radiate (CR), thala-
mus and uncinate fasciculus (UNC).*” Interestingly, no
differences in MD or FA were found between AD and
VCI and this may point to distinct trajectories of fiber
bundles compromised by these two conditions. In the
neuroprogression of AD, for instance, while the poste-
rior U-fibers of the superior longitudinal fasciculus are
often compromised, in VCI the most common pattern
includes the involvement of neocortical anterior bun-
dles, typically long association fibers, such as the UNC
and IC/CR.¥"

Another interesting technique is the peak width of
skeletonized mean diffusivity (PSMD), which is based on
the analysis of fiber tracts and on the difference between
the 95th and the 5th percentiles of the voxel-based MD

Dement Neuropsychol 2017 December;11(4):343-355 W

Figure 1. Depiction of virtual delineation by
deterministic tractography (Trackvis protocol for
tract delineation). Fornix fibers (left and right)
are visualized as blue fibers. Figure originally
designed by the authors of the manuscript.

values within the WM skeleton.®® Increasing evidence
has shown that the PSMD may substantially reduce
contamination from CSF and other spurious structures
and enhance the sensitivity of SVD total burden mea-
sures.®® Recent evidence also indicates greater sensitivity
of the PSMD for rating the progression of injury from
SVD than the individual volumetric measures of WMH,
lacunes and brain total volume. In a cross-sectional
investigation of 69 patients with CADASIL, processing
speed emerged as the most prominent cognitive domain
affected.®” The use of STRIVE®¥® criteria on T2-weighted
gradient echo images has been employed for the identi-
fication of CMB. Conversely, lacunar volumes could be
rated by placing a seed-growing algorithm where a seed
voxel is placed into a lacune on the 3D-T1 image.®

Magnetization transfer (MT). Magnetization transfer
(MT) imaging, or magnetization transfer contrast
(MTC) magnetic resonance imaging, is a modality
of MRI technique based upon the exchange between
bonded water in the brain tissue and proton magneti-
zation in free water to characterize brain tissue proper-
ties quantitatively.”>** The magnetization transfer ratio
(MTR), derived from MTimaging, hasbeen explored and
used to evaluate brain injury in different brain diseases,
e.g., multiple sclerosis, Alzheimer’s disease, stroke, and
epilepsy. In the field of vascular disease, although early
reports have been available since 1999, only a small
number of studies have employed this approach. One
of these investigations included 56 subjects with WML
and showed that periventricular WM had lower MTR
than deep WM. Such findings were replicated by later
studies showing an association of cognitive impairment

with either larger periventricular WM**¢ or reduced
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MTR in normal appearing white matter (NAWM).”
Overall, these studies also support previous evidence
showing reduced periventricular MTR in subjects with
Binswanger disease (whose cognitive impairment is
associated with a proportion of subcortical WML over
25%) compared to non-demented subjects with similar
severity of WML, and seem to confirm the sensitivity
of MTR for detecting clinically relevant CVD.

CONCLUSIONS
This review briefly summarizes some of the most prom-
ising neuroimaging techniques addressing brain struc-
tural and metabolic changes in CVD. Indeed, much has
been achieved in terms of unraveling the neuropatho-
logical underpinnings and clinical correlates of VCI
and VaD; a number of controversial issues, however,
still remain. While on the one hand, neuroimaging has
evolved quickly in the development of powerful and
sensitive methods for studying in vivo brain architecture
in CVD and related cognitive disorders, most structural
techniques are limited by a number of pitfalls. The source
of criticism centers on multiple aspects, including the
large variability in imaging modalities and procedures
(e.g., threshold values for cluster definition), the limited
accuracy of DTI-MRI (poor identification of crossing
fibers, poor specificity of findings) and low replication
of results.?®

Despite the aforementioned limitations, novel neu-
roimaging methods offer an enthusiastic debate on the
interplay between aging, neurodegeneration and vascu-
lar disease; one interesting topic involves, for instance,
the pattern of cortical thinning exhibited by CVD and

other related cognitive disorders. Indeed, a pattern of
cortical thinning in frontal and subcortical areas seem to
be closely related to SIVD, contrasting with the temporo-
parietal and medial temporal findings typically observed
in AD.2>1% Another point of controversy is based on the
nature of cortical changes observed in CVD. While much
has been discussed on the complex interaction between
neurodegeneration and vascular disease, current evi-
dence also suggests that CVD may independently lead
to cortical atrophy.** WMH may possibly cause subcorti-
cal axonal damage and neuronal disruption of cortical
pathways, leading to secondary neuronal body damage
and ultimately gray matter atrophy.®*!" Contrasting
with the hypothesis of vascular-induced cortical atro-
phy is the Wallerian degeneration model, which basi-
cally conceives WM atrophy as a product of gray matter
progressive reduction.™99102103

Thus, the continuous development of brain imaging
techniques through new metabolic tracers, molecular
compounds, multimodal approaches, microstructural
anatomy, disease classifying algorithms and higher
field MRI offer an exciting perspective towards a broad
comprehension of CVD pathophysiology. Although
the importance of most of these techniques in the
clinical setting has yet to be recognized, there is great
expectancy in achieving earlier and more refined thera-
peutic interventions for the effective management of
dementia.
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