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Cerebral small vessel disease (cSVD) is the umbrella term 
used to describe pathologies of the vascular structures 

(small arteries, arterioles, capillaries, small veins, and venules) 
that are located in the brain parenchyma or the subarachnoid 
space.1 Despite the fact that some pathological processes can 
damage both large and small vessels, there is ample evidence 
suggesting that these conditions have distinct mechanisms 
and clinical consequences. Even common risk factors, such 
as hypertension, have discernible effects on the cerebral large 
vessels (intracranial atherosclerosis) and small vessels (white 
matter disease, lacunar infarcts as well as intracerebral hem-
orrhages [ICHs] and microbleeds).2 Research into the causes 
and consequences of cSVD have blossomed over the past 2 
decades, improving our understanding of the relevance of these 
microangiopathies as causes of ischemic strokes, ICHs as well 
as contributors to cognitive impairment, gait disorders and be-
havioral changes in older adults.3,4 Appropriate diagnosis of 
cSVDs is clinically relevant to select appropriate stroke pre-
vention methods, and research into their mechanisms is key to 
decrease the burden of age-related dementia and motor impair-
ments, major causes of disability and death.5–7

Until recently, the only way to estimate microstructural 
and molecular alterations in the human brains was to perform 
detailed histopathologic studies. Such studies are possible only 
in the context of a postmortem examination, at the tail end of 
the pathological evolution. The role of histopathologic eval-
uation is, therefore, limited in identifying the initial changes 
in the brain and their progression, processes that might take 
decades before strokes and microstructural changes culmi-
nate into motor and cognitive impairments. Understanding the 
early phases of such progression is key to stopping the patho-
logical cascade before severe damage occurs. Understanding 
changes in cerebral vessel function and their pathological con-
sequences constitute another major target in cSVD research.

Early physiological studies of the vessels in humans in-
cluded mainly transcranial doppler based approaches that are 
typically limited to large intracranial vessels. Contrast-based 
perfusion studies depict hemodynamics at tissue level, but 

they had relatively low resolution and lacked the capacity to 
show dynamic changes in vessel function. Most of the research 
in the field of cerebrovascular physiology came from animal 
studies that do not always translate into successful diagnostic 
and therapeutic efforts in humans. For all these reasons, devel-
oping neuroimaging methods that can detect microstructural, 
molecular, and physiological alterations in living humans has 
been an important goal in cSVD research.6,7

The current article will review the contributions of advanced 
neuroimaging in studies evaluating the mechanisms of common 
sporadic cSVDs in living humans. The focus will be on stud-
ies that used cohorts of patients with relatively severe cerebral 
microangiopathies, such as primary ICH, where a distinction of 
the cSVD cause can be made. The aim is to discuss the novel 
imaging techniques and their applications to cSVD research 
and showcase results that currently guide our understanding of 
brain microangiopathies. We will specifically review advanced 
structural imaging, molecular neuroimaging, novel physiolog-
ical imaging methods and their contributions to the cSVD field.

Advances in Structural Neuroimaging of 
Cerebral Microangiopathies

Types of cSVD
Multiple lines of evidence show that cSVDs result in both is-
chemic and hemorrhagic brain lesions. The 2 most common 
causes are hypertensive arteriolosclerosis and cerebral amy-
loid angiopathy (CAA). Hypertension is an exceedingly prev-
alent condition found in 63.1% of adults over 60 years of age 
in the United States, and hypertensive cSVD (HTN-cSVD) is 
the most common type of cSVD.8,9 CAA refers to the accu-
mulation of Aβ (amyloid-β peptides) in the walls of the lep-
tomeningeal and cortical vessels.10 Lacunar infarcts, white 
matter hyperintensities (WMH), ICH, and cerebral micro-
bleeds (CMB) are tissue lesions detectable with brain imaging 
that are manifestations of cSVDs.4 Neuroimaging studies have 
shown that topographical distribution of these lesions corre-
lates with the type of the underlying microangiopathy. Recent 
work using both standard and advanced structural magnetic 
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resonance imaging (MRI) also added new lesion types to the 
list of the classically accepted cSVD-related pathologies.

ICH and CMBs in deep-brain regions (basal ganglia, 
thalamus, and pons) are associated with severe HTN-cSVD, 
whereas ICH/MBs limited to superficial/lobar brain regions 
and cortical superficial siderosis are mainly seen in patients 
with CAA.3 The presence and distribution of these hemor-
rhagic lesions still constitute the most important markers in the 
diagnosis and etiologic classification of cSVD in living indi-
viduals. Besides its diagnostic relevance, cortical superficial 
siderosis is also a very important marker of ICH recurrence 
risk in patients with CAA.11,12 Use of susceptibility-weighted 
imaging MR at ultrahigh magnetic field strength (7 Tesla) 
answered an important question in CAA research, demon-
strating that CAA-related microbleeds exclusively occur 
within the cortex (Figure 1).13 Furthermore, the use of 7T sus-
ceptibility-weighted imaging MR revealed high incidence of 
novel hemorrhagic markers in hereditary cerebral hemorrhage 
with amyloidosis-Dutch type, namely intragyral hemorrhage 
(47% versus 0% in controls, P<0.001), and a high incidence 
of striped cortex sign (40% versus 0% in controls, P<0.005).14 
More widespread use of 7T susceptibility-weighted imaging 
in research is likely to result into better understanding of hem-
orrhagic lesions seen within the context of cSVDs.

Ischemic Markers of cSVD
White matter disease, also called leukoaraiosis, is defined as 
hypodensities on computerized tomography and WMH on T2/
fluid attenuated inversion recovery MRIs in subcortical and 
periventricular regions that do not show cavitation or other 
characteristics of a completed infarction.15 Multiple lines of 
evidence established leukoaraiosis as an important marker of 
cSVD. WMH volume was found to be significantly higher in 
patients with CAA and HTN-cSVD when compared with age-
similar healthy adults as well as patients with mild cognitive 
impairment and Alzheimer disease.16–18 WMH volume also cor-
related strongly with markers of severity of cSVD, both cross 
sectionally and longitudinally.19,20 There has been remarkable 
interest in identifying WMH patterns that could distinguish 
different types of cSVD and even cSVD from other patholo-
gies such as Alzheimer disease. Studies that used simple voxel-
based comparisons failed to identify significant differences in 

WMH distribution probably because of the fact that the bulk 
of WMH is periventricular in all patients, therefore, no clear 
patterns emerged across different diagnostic categories after 
adjusting for age and the volume of leukoaraiosis.17,18 A re-
cent study that used visually identified WMH patterns showed 
differences between patients with CAA and HTN-cSVD. The 
presence of peribasal ganglia linear WMH was more com-
monly found in HTN-cSVD when compared with CAA (19% 
versus 7.8%; P=0.001) whereas having 10 or more small cir-
cular WMHs (subcortical spots) outside of periventricular loca-
tions was associated with the diagnosis of CAA (29.8% versus 
16.8%; P=0.004).21 One retrospective study that evaluated the 
center of WMH over the anteroposterior axis using computer-
assisted segmentations suggested a more posterior distribution 
in patients with pathological evidence of CAA but no ICH.22 
More recent studies use deep learning to create segmentation 
algorithms and perform voxel-based spectral clustering anal-
ysis on aligned WMH maps to group image voxels into clus-
ters, maximizing within-group and minimizing between-group 
similarities.23 These studies confirm the previous findings of a 
deep WMH distribution in HTN-cSVD versus more peripheral 
and posterior WMH patterns in CAA.23,24

Classical lacunar infarcts are found distal to occlusive 
lesions of small perforating arteries mostly in basal ganglia, 
internal capsule, thalami, and pons—regions known to be 
supplied by deep branching/perforating vessels. These lesions 
are caused by distinct vessel pathologies that are categorized 
based on the size of the vessel: arteriosclerosis/atherosclerosis, 
arteriolosclerosis, and lipohyalinosis, collectively categorized 
as HTN-cSVD. There has been growing interest in lacunar 
infarcts in primary cSVD-related ICH as it is possible to iden-
tify the predominant microangiopathy in these patients dur-
ing life. Lacunes were found in 25% of primary ICH patients. 
Lacunes in deep-brain locations were more commonly seen 
in patients with hypertensive deep ICH (15.2%) when com-
pared to patients with CAA (2.1%, P<0.001). Interestingly, 
radiological lacunes in more superficial subcortical locations 
(lobar lacunes) were more common in CAA-ICH (20.4%) 
than HTN-ICH (5.7%, P<0.001; Figure  2).25 Another study 
also found more common presence of lobar lacunes in CAA-
ICH than in HTN-ICH (29.2% versus 11.6%, P=0.036), as 

Figure 1. Impact of scanner/parameters on 
microbleed detection. Optimized susceptibility-
weighted imaging obtained in Ultra-High Field 
(7T) magnetic resonance imaging (MRI) scanner 
(A) shows a much higher number of cortical 
microbleeds when compared with clinical-grade 
MRI (B) obtained on the same day in a patient 
with cerebral amyloid angiopathy.
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well as a significant correlation between lobar lacune counts 
and brain amyloid load (r=0.40, P=0.02).26 These data estab-
lish radiological lacunes in lobar (nondeep) locations to be as-
sociated with CAA, a finding that might have both diagnostic 
and therapeutic implications.

Cerebral microinfarcts have classically been a histopatho-
logic construct representing microscopic lesions with a mean 
diameter between 0.2 and 1.0 mm, found at autopsy in 16% 
to 46% of unselected elderly people dying of all causes.27 A 
study that identified punctate diffusion-weighted imaging re-
stricted lesions in 15% of patients who had a lobar ICH, but 
none in patients diagnosed with Alzheimer disease, was the 
first that suggested the possibility to detect microinfarcts in 
the setting of severe cSVD.28 Another study identified sim-
ilar rates of microinfarct detection but somehow different 
distributions on diffusion-weighted imaging in HTN-cSVD 
and CAA patients both during the acute phase of ICH and 
in long-term follow-up.29 Another study that used longitudinal 
diffusion tensor imaging demonstrated that asymptomatic dif-
fusion-weighted imaging lesions produce chronic local micro-
structural injury in patients with CAA.30 The major pitfall of 
diffusion-weighted imaging to detect microinfarcts is that the 
lesions are only visible during the acute/subacute phases of 
the infarct, that is, for 7 to 14 days. The use of ultrahigh-field 
strength (7T) and high-resolution imaging allow the detection 
of cortical microinfarcts beyond the acute phase on T

1
, T

2
, and 

fluid attenuated inversion recovery MRI but the vast majority 
of microinfarcts still remain under the detection limits of clin-
ical in vivo MRI.31 The presence of cerebral microinfarcts 

on 3T MRIs has been associated with vascular cognitive im-
pairment and dementia in ischemic stroke and memory clinic 
cohorts.32 It should also be remembered that both potential 
sources of cardiac embolism and other proximal embolic 
sources were associated with cerebral microinfarcts, so the 
ideal research in this field should account for these potential 
etiologies before attributing all microinfarcts to cSVD.33,34

Markers of Global Structural Injury Related to cSVD
Cortical atrophy is an important contributor to cognitive 
impairment and dementia in older adults. One of the major 
setbacks to determine the association between cSVD and 
cortical atrophy have been the common co-occurrence of pa-
renchymal Alzheimer pathology such as senile plaques and 
neurofibrillary tangles in patients who have brain microangi-
opathies, such as CAA. A recent study compared the cerebral 
cortical thickness between patients with hereditary cerebral 
hemorrhage with amyloidosis-Dutch type (HCHWA-D, a he-
reditary type of relatively pure CAA, without parenchymal 
Alzheimer pathology) and age-matched healthy controls 
(mean age 46.7). HCHWA-D had significantly thinner cortex 
when compared to healthy controls (2.31 versus 2.42 mm, 
P=0.006; Figure  3).35 Similar findings of cortical atrophy 
were confirmed in sporadic CAA (mean age=72 and mean 
cortical thickness=2.17 mm) when compared to 2 separate 
age-matched healthy control groups (2.31 and 2.27 mm). 
Patients with Alzheimer disease had more pronounced cor-
tical atrophy when compared to age-matched sporadic CAA. 
A physiological measure of vascular dysfunction obtained 

Figure 2. Distribution of lacunes in cerebral microangiopathies. Examples of lobar lacune (centrum semiovale) in cerebral amyloid angiopathy (CAA) (A), deep 
lacune in hypertensive deep intracerebral hemorrhage (HTN-ICH) (B) and topographical distribution maps of lacunes in these brain microangiopathies (C). 
Reproduced from Pasi et al25 with permission. Copyright ©2017, Wolters Kluwer Health, Inc.D
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using functional MRI (fMRI) methods accounted for 63% 
of the total effect of CAA on cortical atrophy, using media-
tion analyses. These fMRI measures will be further discussed 
under the physiological imaging section below. This study, 
overall, is a good example of the benefits of using advanced 
anatomic and physiological imaging modalities in appro-
priate cohorts to tackle important questions that cannot be 
answered with simpler designs. There is indirect evidence 
suggesting that hypertension might affect cortical atrophy as 
well, however, studies that directly test these associations in 
well-characterized HTN-cSVD cohorts are needed.36,37

Disruption of brain networks is a postulated mechanism 
through which cSVD can result in loss of brain function. 
Diffusion tensor imaging is another advanced imaging mo-
dality that provides insights into microstructural changes in 
brain tissue and cerebral network connectivity. Early work in 
the field of cSVD showed a pattern of regional brain tissue 
degeneration in the temporal lobe white matter and the sple-
nium of the corpus callosum in CAA.38 A recent advance was 
the use of graph theory to characterize the efficiency of the 
brain networks, enabling the researchers to calculate meas-
ures of global network efficiency. The use of these techniques 
together with amyloid positron emission tomography (PET) 
imaging and detailed cognitive testing showed that reduced 
structural brain network efficiency might mediate the relation-
ship between advanced CAA and neurological dysfunction.39 
One potential weakness of diffusion tensor imaging is the rel-
atively wide variability in scan parameters and the variability 

introduced by different analytic techniques that limit the use of 
this otherwise important MRI method. Recent efforts focused 
on developing a robust diffusion tensor imaging MRI marker 
based on skeletonization of white matter tracts and histogram 
analysis. The resultant fully automated marker, peak width of 
skeletonized mean diffusivity, showed excellent correlation 
with processing speed outperforming conventional markers 
(WMH, lacune, and brain volumes) in different populations, 
such as hereditary and sporadic cSVDs and healthy controls.40 
If these results are reproduced in the hands of independent 
investigators, peak width of skeletonized mean diffusivity can 
become an important tool in cSVD-related vascular cognitive 
impairment research.

Perivascular spaces (PVS or Virchow-Robin spaces) have 
been noted on brain imaging since the initial use of MRIs in 
1980 to 1990s. Over the past years, there has been increasing 
number of studies that identified high numbers of enlarged PVS 
in cSVD patients. Specifically, high counts of enlarged PVS in 
centrum semiovale were more common in CAA, whereas more 
basal ganglia enlarged PVS were found in HTN-cSVD.41,42 
Recent studies have shown that the use of optimized T

2
-weighted 

pulse sequences with 7T scanners significantly improves the de-
tection of PVS. Using such high-sensitivity scans, PVS counts 
were not associated with age or vascular risk factors but related 
to cSVD markers such as CMB counts and WMH volumes.43 
Another 7T MRI study showed that enlarged juxtacortical PVS 
colocalize with cortical CMBs in patients with mild cogni-
tive impairment and Alzheimer disease, suggesting a common 

Figure 3. Topographical surface maps showing regions with significant cortical thinning in patients with a hereditary form of cerebral amyloid angiopathy 
(CAA) when compared with age-matched healthy controls. Reproduced from Fotiadis et al35 with permission. Copyright ©2016, Elsevier.
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underlying cause, probably CAA.44 Overall, it is likely that 
research into PVS will increasingly use high-resolution MRI, 
allowing the investigators to better understand the real mean-
ing of these imaging markers. There are certainly other prom-
ising advanced structural neuroimaging approaches that can be 
highly relevant for clinical research into mechanisms of cSVD. 
Such methods include advanced connectome imaging modali-
ties, quantitative susceptibility mapping, and others. They will 
not be reviewed as their application to cSVD-related research 
has not yet been established.

Molecular Neuroimaging in cSVD Research
A detailed review of molecular neuroimaging in vascular cog-
nitive impairment, that included data relevant to the field of 
cSVD research, was published in Stroke in 2016.3 For this 
reason, the fundamentals of molecular neuroimaging will only 
be briefly discussed, and this section will focus on advances 
that happened since 2016. The introduction of Pittsburgh 
Compound B (PiB) as a PET tracer capable of labeling brain 
amyloid deposits revolutionized dementia research.45 The in-
itial steps that led to the adoption of amyloid PET imaging 
by cSVD researchers involved proof-of-concept that PiB 
also labels vascular amyloid.46,47 These early studies were not 
designed to evaluate the value of PiB for CAA diagnosis, and 
PiB itself was never meant to be a commercially available di-
agnostic tracer—due to its short half-life (≈20 minutes) requir-
ing an onsite cyclotron and a radiochemistry laboratory with 
expertise in the synthesis of 11C. Development of 18F amyloid 
PET tracers, and their Food and Drug Administration-approval 
as potential tools for Alzheimer disease, made it possible to 
evaluate them as methods to diagnose CAA that could become 
widely available. There are some major differences in study 
designs that aim to validate an amyloid imaging marker for 
CAA diagnosis versus Alzheimer disease. The studies that 
validated 18F products for Alzheimer disease diagnosis were 
conducted in older participants with a relatively short expected 
survival, in whom the ultimate gold standard was full histo-
pathologic evaluation on autopsy. Many of these patients had 
dementia, and this approach is totally understandable when the 
purpose is to compare in vivo amyloid PET imaging results to 
autopsy data. The situation is very different when the objec-
tive is to understand the diagnostic value of an amyloid PET 
tracer for CAA. This diagnosis is typically made in patients 
over 55 years of age who had a lobar ICH. In survivors of 
lobar ICH, the diagnosis of probable CAA is made based on 
clinical-radiological Boston criteria. Because the goal is to ob-
tain proof-of-concept that the tracer binding mainly represents 
vascular amyloid, patients with dementia and mild cognitive 
impairment are ideally excluded, to lower the degree of con-
founding by parenchymal amyloid plaques. Patients with any 
CMB in deep locations in addition to cortical ICH/CMBs are 
likely to have HTN-cSVD and therefore missing such deep 
CMBs either because of scan parameters or investigator inex-
perience would also result in erroneous inclusion of non-CAA 
subjects into the CAA group. Finally, it is well-known that 
about 15% to 25% of cognitively normal older people have 
amyloid-positive PET scans, a condition known as presymp-
tomatic Alzheimer disease. Although severe involvement is not 

common, many patients with CAA have mild degree of paren-
chymal Alzheimer pathology. In that sense, the enrollment cri-
teria would also make a major difference as cognitively healthy 
lobar ICH survivors with multiple strictly cortical CMBs prob-
ably represent a relatively pure CAA cohort, whereas patients 
with microbleeds enrolled in memory clinics have probably 
other confounders. All of these points are important to keep 
in mind when critically reviewing amyloid PET studies in the 
field of cSVD and CAA in particular.

The first such study aimed to assess the utility of 
Florbetapir, a commercially available 18F amyloid tracer, in 
differentiating CAA from HTN-cSVD.48 High-resolution sus-
ceptibility-weighted imaging was acquired in all 10 patients 
with CAA and 9 patients with HTN-ICH to minimize the risk 
of missing CMBs in unexpected locations. Patients diagnosed 
with probable CAA using Boston criteria had a median of 53 
strictly cortical CMBs (interquartile range, 11–134). Patients 
with probable CAA and HTN-ICH survivors had same mean 
age (67) and similar risk factor profile. Mini-mental state score 
was 29 to 30 in all patients, so it was a cognitively normal 
group. The mean global cortical Florbetapir retention was sig-
nificantly higher in CAA patients (mean standardized uptake 
value ratio, SUVR±SD=1.41±0.17) when compared to HTN-
ICH (SUVR±SD=1.15±0.08, P<0.001). Using a validated bi-
nary method to categorize scans as Florbetapir positive versus 
negative, all CAA patients had a positive scan but only 1 out 
of 9 HTN-cSVD patients was amyloid positive (Figure  4). 
Two investigators that assessed all PET scans, blinded to other 
imaging/clinical data, had full interrater agreement for amy-
loid ± status. Patients with CAA also had PiB-PET scans and 
the global tracer retention correlated very strongly between 
Florbetapir and PiB (r=0.96, P<0.001). Overall, the study pro-
vided Class II evidence that Florbetapir PET provides 100% 
sensitivity and 89% specificity for determination of probable 
CAA in cognitively normal patients within the appropriate 
context.48 Another study compared a cohort of probable CAA 
patients diagnosed with modified Boston criteria (only 80% 
with lobar microbleeds, two-third with cortical superficial sid-
erosis) to HTN-ICH, in the acute phase of ICH without cogni-
tive testing. This study again showed significantly higher mean 
global SUVR in patients with CAA compared with HTN-
ICH (1.27±0.12 versus 1.12±0.12, respectively, P=0.001).49 
Interestingly, the sensitivity (0.6) of the visual assessment was 
low despite similar specificity (0.89) of Florbetapir for dis-
criminating patients with CAA from HTN-ICH in this study. 
It will not be possible to rule out the probability that there 
might have been patients misclassified into the CAA category 
and that Florbetapir PET revealed more correct results than 
MRI-based criteria in this study but overall, the current data 
do not allow making clear generalizations about benefits of 
amyloid PET imaging for CAA diagnosis. The observed dis-
cordance also provides a cautionary tale about problems with 
in vivo CAA diagnosis in different cohorts using the modified 
clinical-radiological Boston criteria. A detailed discussion of 
these issues is provided in the above paragraph. More recent 
research shed light into some of these problems.

Two very recent studies compared the clinical and im-
aging characteristics and PiB-PET results of patients with ICH 
and CMBs in both deep and lobar locations (mixed-location 
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ICH/CMB) separately to strictly lobar ICH/CMB (CAA) and 
strictly deep ICH/CMB (HTN-cSVD) patients.50,51 The novel 
clinical-radiological category, Mixed-location ICH/CMB, 
makes up 20% to 58% of all primary ICH patients in predomi-
nantly white and Southeastern Asian populations, respectively. 
Clinical, laboratory and MRI features suggested a more severe 
form of HTN-cSVD as the predominant pathology in patients 
who have ICH/MBs in both deep and cortical/lobar locations. 
Amyloid imaging also confirmed significantly higher PiB re-
tention in CAA (mean SUVR=1.43) when compared to both 
mixed-location ICH/CMBs (mean SUVR=1.06, P=0.003) and 
deep HTN-ICH/CMBs (mean SUVR=1.1, P=0.002).51 These 
recent studies demonstrate the value of using amyloid PET 
imaging as a surrogate for the CAA pathology. Previous stud-
ies showed that CAA-related cortical ICH/CMBs originate 
from sites with higher baseline vascular amyloid deposits, a 
finding that was later confirmed in elegantly designed animal 
studies.52,53 Human studies using PiB-PET also confirmed 
probable cause-effect relationships between vascular amyloid 
load and WMH, lobar lacunes as well as structural network 
alterations in patients with CAA.26,39,54 It is probably safe to 
say that the use of molecular imaging will continue to be an 
invaluable tool to understand the associations between the 
molecular changes and disease processes involved in cSVD.

Physiological Neuroimaging
As discussed extensively in the respective sections of this 
text, cSVDs cause not only hemorrhagic but also significant 
ischemic consequences. Even if occlusion of individual small 
vessels might explain the lacunar infarcts and microinfarcts, 
the more widespread pathological changes (leukoaraiosis, 
atrophy, and decreased connectivity) are more likely related 
to vascular dysfunction, that is, decreased vessel reactivity. 
Most of the existing data again come from advanced neuro-
imaging studies that focused on CAA. The first-in-human 
proof-of-concept study compared arterial flow responses in 
patients with CAA to healthy controls using functional tran-
scranial doppler. CAA patients showed a blunted increase 
in mean PCA flow velocities in response to a visual stim-
ulus (8.0±6.1% versus 17.4±5.7%, P=0.002).55 Lower visual 
evoked mean flow velocity increase correlated with higher 
CMB counts and WMH volume. The PCA pulsatility index, a 
marker of distal vascular resistance, was also higher in CAA 

than healthy controls. The reported differences between 
patients with CAA and healthy controls, and the correlations 
of the flow velocity changes with markers of disease severity, 
suggested the presence of vascular dysfunction in CAA, 
which might mediate ischemic injury.

As functional transcranial doppler has significant lim-
itations in terms of operator dependence and the ability to 
measure flow velocities only in the larger vessels in and around 
the circle of Willis, a functional MRI paradigm and analysis 
approach were developed to characterize temporal features of 
blood-oxygenation-level-dependent (BOLD) responses to a 
visual stimulus to obtain estimates of vascular reactivity from 
the occipital cortex. Here, techniques originally designed for 
measuring neuronal activity through tracking changes in blood 
flow and oxygenation were repurposed for the measurement of 
impaired vascular reactivity. BOLD-weighted time-series data 
of subjects’ block responses were fit to a trapezoidal function 
with parameters to describe the time to reach peak response, 
the response amplitude, and the time to return to baseline. The 
25 patients with CAA had significantly lower amplitude as well 
as prolonged time to reach peak and time to return to base-
line when compared to 12 healthy controls.56 Absolute resting 
blood flow in visual cortex obtained using arterial spin labeling 
MRI was identical between the groups, again suggesting that 
decreased vascular reactivity is the predominant physiopatho-
logical alteration rather than a static decrease in perfusion. 
Within the CAA group, longer time to reach peak values also 
correlated with higher WMH volume, again suggesting that 
vascular dysfunction can mediate CAA-related ischemia. The 
findings of decreased amplitude of BOLD response in CAA 
and its association with WMH volume were reproduced in a 
separate cohort that used a comparable fMRI approach.57 This 
second study also included visual evoked potentials and the 
lack of difference in visual evoked potential P100 amplitudes 
between CAA and controls suggested that CAA-related struc-
tural changes may not influence the propagation of the neuronal 
signal resulting from a visual stimulus. The fMRI paradigm that 
includes a visual stimulus and modeling of the BOLD response 
from occipital cortex has been used in multiple CAA studies to 
date. As discussed under the structural imaging section above, 
this paradigm established vascular dysfunction as the mediator 
of ischemic change culminating into cortical atrophy in CAA.35 
Use of the same fMRI paradigm also helped demonstrate worse 

Figure 4. Illustrative examples of cerebral amyloid angiopathy (CAA) with a positive Florbetapir scan (no contrast between cortex and white matter confirming 
high cortical amyloid load) and negative scan (clear contrast between cortex and white matter, low cortical tracer uptake) in a patient who had hypertensive 
deep intracerebral hemorrhage (HTN-ICH). Last pair of scans shows a patient with deep HTN-ICH but positive amyloid scan, a false positive for CAA diag-
nosis. MRI indicates magnetic resonance imaging; PET, positron emission tomography; and SWI, susceptibility-weighted imaging.
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vascular reactivity in symptomatic compared to presymptom-
atic hereditary CAA patients.58 The rising slope of the BOLD 
response, calculated from the time to reach peak and amplitude 
based on this fMRI paradigm, also served as the main outcome 
measure in a Phase 2, randomized, double-blind trial of a mon-
oclonal antibody against Aβ

1–40
 (Ponezumab) to improve vas-

cular dysfunction in CAA.59 Although the study did not meet 
the prespecified efficacy criteria, the results obtained using this 
fMRI approach suggested that it is feasible to use the technique 
in a consistent manner across multiple study timepoints and 
sites.

A recent major advance in the field was the use of phase-
contrast MRI at 7T to measure time-resolved blood flow ve-
locity at high spatial resolution in the cerebral perforating 
arteries at the level of the centrum semiovale and the basal 
ganglia (Figure 5).60,61 To our knowledge, these submillimeter 
perforators have not been targeted in any prior physiological 
MRI study. Using single-slice, 2-dimensional velocity-encoded 
phase-contrast MRI, the authors compared the number of 
detected arteries, the pulsatility index and the mean flow veloci-
ties between the patient groups (lacunar infarction and deep 
HTN-ICH) and healthy controls. At the level of basal ganglia 
and centrum semiovale, both patient groups with symptomatic 
cSVD had decreased counts of detected perforators and higher 
pulsatility indices when compared to controls. No velocity dif-
ferences were observed. This novel physiological MRI approach 
holds the promise to record flow velocities from submillimeter 

deep perforating arteries of the brain, allowing assessment of 
vascular function from vessels that have never been studied in 
living humans previously (Figure 5). Extensions of this tech-
nique to measuring pulsatility indices from parenchymal micro-
vasculature are currently under development.

In addition to the methods briefly reviewed above, other 
studies that involve physiological stimuli, such as CO

2
 chal-

lenges, are commonly used to assess cerebrovascular re-
activity. The incorporation of these techniques into cSVD 
research will increase the mechanistic yield of the studies.

Conclusions
Advanced structural, molecular, and physiological imaging 
modalities have increased our ability to study the mechanisms 
of cSVDs in living individuals. Implementing and deploying 
these methods into carefully designed clinical studies will in-
crease the yield in terms of diagnostic accuracy, risk stratifica-
tion, and identification of new treatment targets.﻿﻿﻿﻿‍
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pulsatility index, a potential marker of small vessel stiffness. Reproduced from Zwanenburg and van Osch60 with permission. Copyright ©2016, Wolters Klu-
wer Health, Inc.

D
ow

nloaded from
 http://ahajournals.org by on M

arch 12, 2022



36    Stroke    January 2020

R01-NS096730, R01-MH111419, and by the Massachusetts General 
Hospital Athinoula A. Martinos Center for Biomedical Imaging.

Disclosures
Dr Gurol received research support from AVID (a wholly-owned sub-
sidiary of Eli Lilly), Pfizer, and Boston Scientific. The other authors 
report no conflicts.

References
	 1.	 Pantoni L. Cerebral small vessel disease: from pathogenesis and clinical 

characteristics to therapeutic challenges. Lancet Neurol. 2010;9:689–
701. doi: 10.1016/S1474-4422(10)70104-6

	 2.	 Boulouis G, Charidimou A, Auriel E, Haley KE, van Etten ES, Fotiadis P, 
et al. Intracranial atherosclerosis and cerebral small vessel disease in 
intracerebral hemorrhage patients. J Neurol Sci. 2016;369:324–329. doi: 
10.1016/j.jns.2016.08.049

	 3.	 Gurol ME. Molecular neuroimaging in vascular cognitive impairment. 
Stroke. 2016;47:1146–1152. doi: 10.1161/STROKEAHA.115.007958

	 4.	 Tsai HH, Kim JS, Jouvent E, Gurol ME. Updates on prevention of 
hemorrhagic and lacunar strokes. J Stroke. 2018;20:167–179. doi: 
10.5853/jos.2018.00787

	 5.	 Gurol ME. Nonpharmacological management of atrial fibrillation in 
patients at high intracranial hemorrhage risk. Stroke. 2018;49:247–254. 
doi: 10.1161/STROKEAHA.117.017081

	 6.	 Corriveau RA, Koroshetz WJ, Gladman JT, Jeon S, Babcock D, 
Bennett DA, et al. Alzheimer’s disease-related dementias summit 2016: 
national research priorities. Neurology. 2017;89:2381–2391. doi: 
10.1212/WNL.0000000000004717

	 7.	 Montine TJ, Koroshetz WJ, Babcock D, Dickson DW, Galpern WR, 
Glymour MM, et al; ADRD 2013 Conference Organizing Committee. 
Recommendations of the Alzheimer’s disease-related dementias 
conference. Neurology. 2014;83:851–860. doi: 10.1212/WNL. 
0000000000000733

	 8.	 Fryar CD, Ostchega Y, Hales CM, Zhang G, Kruszon-Moran D. 
Hypertension prevalence and control among adults: United states, 2015-
2016. NCHS Data Brief. 2017;289:1–8.

	 9.	 Deramecourt V, Slade JY, Oakley AE, Perry RH, Ince PG, 
Maurage CA, et al. Staging and natural history of cerebrovascular pa-
thology in dementia. Neurology. 2012;78:1043–1050. doi: 10.1212/WNL. 
0b013e31824e8e7f

	 10.	 Gurol ME, Greenberg SM. Cerebral amyloid angiopathies. In: Caplan 
LR, Biller J, eds. Uncommon Causes of Stroke. Cambridge, UK; New 
York: Cambridge University Press; 2018:534–544.

	 11.	 Charidimou A, Boulouis G, Roongpiboonsopit D, Auriel E, Pasi M, 
Haley K, et al. Cortical superficial siderosis multifocality in cerebral am-
yloid angiopathy: a prospective study. Neurology. 2017;89:2128–2135. 
doi: 10.1212/WNL.0000000000004665

	 12.	 Charidimou A, Linn J, Vernooij MW, Opherk C, Akoudad S, Baron JC, 
et al. Cortical superficial siderosis: detection and clinical significance in 
cerebral amyloid angiopathy and related conditions. Brain. 2015;138(pt 
8):2126–2139. doi: 10.1093/brain/awv162

	 13.	 Ni J, Auriel E, Martinez-Ramirez S, Keil B, Reed AK, Fotiadis P, et al. 
Cortical localization of microbleeds in cerebral amyloid angiopathy: an 
ultra high-field 7T MRI study. J Alzheimers Dis. 2015;43:1325–1330. 
doi: 10.3233/JAD-140864

	 14.	 Koemans EA, van Etten ES, van Opstal AM, Labadie G, Terwindt GM, 
Wermer MJH, et al. Innovative magnetic resonance imaging markers of 
hereditary cerebral amyloid angiopathy at 7 tesla. Stroke. 2018;49:1518–
1520. doi: 10.1161/STROKEAHA.117.020302

	 15.	 Wardlaw JM, Smith EE, Biessels GJ, Cordonnier C, Fazekas F, 
Frayne R, et al; STandards for ReportIng Vascular changes on nEuroim-
aging (STRIVE v1). Neuroimaging standards for research into small ves-
sel disease and its contribution to ageing and neurodegeneration. Lancet 
Neurol. 2013;12:822–838. doi: 10.1016/S1474-4422(13)70124-8

	 16.	 Gurol ME, Irizarry MC, Smith EE, Raju S, Diaz-Arrastia R, 
Bottiglieri T, et al. Plasma beta-amyloid and white matter lesions in AD, 
MCI, and cerebral amyloid angiopathy. Neurology. 2006;66:23–29. doi: 
10.1212/01.wnl.0000191403.95453.6a

	 17.	 Smith EE, Nandigam KR, Chen YW, Jeng J, Salat D, Halpin A, et al. MRI 
markers of small vessel disease in lobar and deep hemispheric intracerebral 
hemorrhage. Stroke. 2010;41:1933–1938. doi: 10.1161/STROKEAHA. 
110.579078

	 18.	 Holland CM, Smith EE, Csapo I, Gurol ME, Brylka DA, Killiany RJ, 
et al. Spatial distribution of white-matter hyperintensities in Alzheimer 
disease, cerebral amyloid angiopathy, and healthy aging. Stroke. 
2008;39:1127–1133. doi: 10.1161/STROKEAHA.107.497438

	 19.	 Chen YW, Gurol ME, Rosand J, Viswanathan A, Rakich SM, 
Groover TR, et al. Progression of white matter lesions and hemor-
rhages in cerebral amyloid angiopathy. Neurology. 2006;67:83–87. doi: 
10.1212/01.wnl.0000223613.57229.24

	 20.	 Smith EE, Gurol ME, Eng JA, Engel CR, Nguyen TN, Rosand J, et 
al. White matter lesions, cognition, and recurrent hemorrhage in 
lobar intracerebral hemorrhage. Neurology. 2004;63:1606–1612. doi: 
10.1212/01.wnl.0000142966.22886.20

	 21.	 Charidimou A, Boulouis G, Haley K, Auriel E, van Etten ES, Fotiadis P, 
et al. White matter hyperintensity patterns in cerebral amyloid angiopa-
thy and hypertensive arteriopathy. Neurology. 2016;86:505–511. doi: 
10.1212/WNL.0000000000002362

	 22.	 Thanprasertsuk S, Martinez-Ramirez S, Pontes-Neto OM, Ni J, 
Ayres A, Reed A, et al. Posterior white matter disease distribution as 
a predictor of amyloid angiopathy. Neurology. 2014;83:794–800. doi: 
10.1212/WNL.0000000000000732

	 23.	 Phuah CL, Chen Y, Liu Z, Yechoor N, Hwang H, Laurido-Soto O, et 
al. White matter hyperintensity spatial pattern variations reflect dis-
tinct cerebral small vessel disease pathologies. International Stroke 
Conference. 2019;49.

	 24.	 Graff-Radford J, de Arenaza-Urquijo E, Schwarz C, Brown RD, Ward  
CP, Mielke MM, et al. Topographic white matter hyperintensity patterns 
associated with alzheimer pathologies. International Stroke Conference. 
2019;104.

	 25.	 Pasi M, Boulouis G, Fotiadis P, Auriel E, Charidimou A, Haley K, et al. 
Distribution of lacunes in cerebral amyloid angiopathy and hypertensive 
small vessel disease. Neurology. 2017;88:2162–2168. doi: 10.1212/WNL. 
0000000000004007

	 26.	 Tsai HH, Pasi M, Tsai LK, Chen YF, Lee BC, Tang SC, et al. Distribution 
of lacunar infarcts in Asians with intracerebral hemorrhage: a magnetic 
resonance imaging and amyloid positron emission tomography study. 
Stroke. 2018;49:1515–1517. doi: 10.1161/STROKEAHA.118.021539

	 27.	 Smith EE, Schneider JA, Wardlaw JM, Greenberg SM. Cerebral micro-
infarcts: the invisible lesions. Lancet Neurol. 2012;11:272–282. doi: 
10.1016/S1474-4422(11)70307-6

	 28.	 Kimberly WT, Gilson A, Rost NS, Rosand J, Viswanathan A, Smith EE, 
et al. Silent ischemic infarcts are associated with hemorrhage burden 
in cerebral amyloid angiopathy. Neurology. 2009;72:1230–1235. doi: 
10.1212/01.wnl.0000345666.83318.03

	 29.	 Auriel E, Gurol ME, Ayres A, Dumas AP, Schwab KM, Vashkevich A, 
et al. Characteristic distributions of intracerebral hemorrhage-associ-
ated diffusion-weighted lesions. Neurology. 2012;79:2335–2341. doi: 
10.1212/WNL.0b013e318278b66f

	 30.	 Auriel E, Edlow BL, Reijmer YD, Fotiadis P, Ramirez-Martinez S, 
Ni J, et al. Microinfarct disruption of white matter structure: a lon-
gitudinal diffusion tensor analysis. Neurology. 2014;83:182–188. doi: 
10.1212/WNL.0000000000000579

	 31.	 van Veluw SJ, Charidimou A, van der Kouwe AJ, Lauer A, Reijmer YD, 
Costantino I, et al. Microbleed and microinfarct detection in amyloid angi-
opathy: a high-resolution MRI-histopathology study. Brain. 2016;139(pt 
12):3151–3162. doi: 10.1093/brain/aww229

	 32.	 van Veluw SJ, Shih AY, Smith EE, Chen C, Schneider JA, Wardlaw JM, 
et al. Detection, risk factors, and functional consequences of cerebral 
microinfarcts. Lancet Neurol. 2017;16:730–740. doi: 10.1016/S1474- 
4422(17)30196-5

	 33.	 Hilal S, Chai YL, van Veluw S, Shaik MA, Ikram MK, Venketasubramanian  
N, et al. Association between subclinical cardiac biomarkers and clin-
ically manifest cardiac diseases with cortical cerebral microinfarcts. 
JAMA Neurol. 2017;74:403–410. doi: 10.1001/jamaneurol.2016.5335

	 34.	 Oliveira-Filho J, Ay H, Shoamanesh A, Park KY, Avery R, Sorgun M, 
et al. Incidence and etiology of microinfarcts in patients with ischemic 
stroke. J Neuroimaging. 2018;28:406–411. doi: 10.1111/jon.12512

	 35.	 Fotiadis P, van Rooden S, van der Grond J, Schultz A, Martinez- 
Ramirez S, Auriel E, et al; Alzheimer’s Disease Neuroimaging Initiative. 
Cortical atrophy in patients with cerebral amyloid angiopathy: a case-
control study. Lancet Neurol. 2016;15:811–819. doi: 10.1016/S1474- 
4422(16)30030-8

	 36.	 Lambert C, Benjamin P, Zeestraten E, Lawrence AJ, Barrick TR, 
Markus HS. Longitudinal patterns of leukoaraiosis and brain atrophy 
in symptomatic small vessel disease. Brain. 2016;139(pt 4):1136–1151. 
doi: 10.1093/brain/aww009

D
ow

nloaded from
 http://ahajournals.org by on M

arch 12, 2022



Gurol et al    Advanced Neuroimaging of Cerebral Microangiopathies    37

	 37.	 Auriel E, Kliper E, Shenhar-Tsarfaty S, Molad J, Berliner S, 
Shapira I, et al. Impaired renal function is associated with brain atrophy 
and poststroke cognitive decline. Neurology. 2016;86:1996–2005. doi: 
10.1212/WNL.0000000000002699

	 38.	 Salat DH, Smith EE, Tuch DS, Benner T, Pappu V, Schwab KM, et 
al. White matter alterations in cerebral amyloid angiopathy meas-
ured by diffusion tensor imaging. Stroke. 2006;37:1759–1764. doi: 
10.1161/01.STR.0000227328.86353.a7

	 39.	 Reijmer YD, Fotiadis P, Martinez-Ramirez S, Salat DH, Schultz A, 
Shoamanesh A, et al. Structural network alterations and neurological 
dysfunction in cerebral amyloid angiopathy. Brain. 2015;138(pt 1):179–
188. doi: 10.1093/brain/awu316

	 40.	 Baykara E, Gesierich B, Adam R, Tuladhar AM, Biesbroek JM, 
Koek HL, et al; Alzheimer’s Disease Neuroimaging Initiative. A novel 
imaging marker for small vessel disease based on skeletonization of 
white matter tracts and diffusion histograms. Ann Neurol. 2016;80:581–
592. doi: 10.1002/ana.24758

	 41.	 Charidimou A, Boulouis G, Pasi M, Auriel E, van Etten ES, Haley K, 
et al. MRI-visible perivascular spaces in cerebral amyloid angiopathy 
and hypertensive arteriopathy. Neurology. 2017;88:1157–1164. doi: 
10.1212/WNL.0000000000003746

	 42.	 Charidimou A, Meegahage R, Fox Z, Peeters A, Vandermeeren Y, 
Laloux P, et al. Enlarged perivascular spaces as a marker of under-
lying arteriopathy in intracerebral haemorrhage: a multicentre MRI 
cohort study. J Neurol Neurosurg Psychiatry. 2013;84:624–629. doi: 
10.1136/jnnp-2012-304434

	 43.	 Bouvy WH, Zwanenburg JJM, Reinink R, Wisse LEM, Luijten PR, 
Kappelle LJ, et al; Utrecht Vascular Cognitive Impairment (VCI) 
Study Group. Perivascular spaces on 7 Tesla brain MRI are related 
to markers of small vessel disease but not to age or cardiovascular 
risk factors. J Cereb Blood Flow Metab. 2016;36:1708–1717. doi: 
10.1177/0271678X16648970

	 44.	 Bouvy WH, van Veluw SJ, Kuijf HJ, Zwanenburg JJ, Kappelle JL, 
Luijten PR, et al. Microbleeds colocalize with enlarged juxtacortical 
perivascular spaces in amnestic mild cognitive impairment and early 
alzheimer’s disease: a 7 tesla mri study. J Cereb Blood Flow Metab. 
2019;271678X19838087. doi: 10.1177/0271678X19838087

	 45.	 Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, et 
al. Imaging brain amyloid in alzheimer’s disease with pittsburgh com-
pound-B. Ann Neurol. 2004;55:306–319. doi: 10.1002/ana.20009

	 46.	 Johnson KA, Gregas M, Becker JA, Kinnecom C, Salat DH, Moran EK, 
et al. Imaging of amyloid burden and distribution in cerebral amyloid 
angiopathy. Ann Neurol. 2007;62:229–234. doi: 10.1002/ana.21164

	 47.	 Ly JV, Donnan GA, Villemagne VL, Zavala JA, Ma H, O’Keefe G, 
et al. 11C-PIB binding is increased in patients with cerebral amyloid 
angiopathy-related hemorrhage. Neurology. 2010;74:487–493. doi: 
10.1212/WNL.0b013e3181cef7e3

	 48.	 Gurol ME, Becker JA, Fotiadis P, Riley G, Schwab K, Johnson KA, et 
al. Florbetapir-PET to diagnose cerebral amyloid angiopathy: a pro-
spective study. Neurology. 2016;87:2043–2049. doi: 10.1212/WNL. 
0000000000003197

	 49.	 Raposo N, Planton M, Péran P, Payoux P, Bonneville F, Lyoubi  
A, et al. Florbetapir imaging in cerebral amyloid angiopathy-related 

hemorrhages. Neurology. 2017;89:697–704. doi: 10.1212/WNL. 
0000000000004228

	 50.	 Pasi M, Charidimou A, Boulouis G, Auriel E, Ayres A, Schwab KM, et 
al. Mixed-location cerebral hemorrhage/microbleeds: underlying micro-
angiopathy and recurrence risk. Neurology. 2018;90:e119–e126. doi: 
10.1212/WNL.0000000000004797

	 51.	 Tsai HH, Pasi M, Tsai LK, Chen YF, Lee BC, Tang SC, et al. 
Microangiopathy underlying mixed-location intracerebral hemorrhages/
microbleeds: a PiB-PET study. Neurology. 2019;92:e774–e781. doi: 
10.1212/WNL.0000000000006953

	 52.	 Gurol ME, Dierksen G, Betensky R, Gidicsin C, Halpin A, Becker A, 
et al. Predicting sites of new hemorrhage with amyloid imaging in 
cerebral amyloid angiopathy. Neurology. 2012;79:320–326. doi: 
10.1212/WNL.0b013e31826043a9

	 53.	 Lo P, Crouzet C, Vasilevko V, Choi B. Visualization of microbleeds 
with optical histology in mouse model of cerebral amyloid angiopathy. 
Microvasc Res. 2016;105:109–113. doi: 10.1016/j.mvr.2016.02.002

	 54.	 Gurol ME, Viswanathan A, Gidicsin C, Hedden T, Martinez-Ramirez S, 
Dumas A, et al. Cerebral amyloid angiopathy burden associated with leu-
koaraiosis: a positron emission tomography/magnetic resonance imaging 
study. Ann Neurol. 2013;73:529–536. doi: 10.1002/ana.23830

	 55.	 Smith EE, Vijayappa M, Lima F, Delgado P, Wendell L, Rosand J, et 
al. Impaired visual evoked flow velocity response in cerebral amy-
loid angiopathy. Neurology. 2008;71:1424–1430. doi: 10.1212/01. 
wnl.0000327887.64299.a4

	 56.	 Dumas A, Dierksen GA, Gurol ME, Halpin A, Martinez-Ramirez S, 
Schwab K, et al. Functional magnetic resonance imaging detection of vas-
cular reactivity in cerebral amyloid angiopathy. Ann Neurol. 2012;72:76–
81. doi: 10.1002/ana.23566

	 57.	 Peca S, McCreary CR, Donaldson E, Kumarpillai G, Shobha N, 
Sanchez K, et al. Neurovascular decoupling is associated with severity 
of cerebral amyloid angiopathy. Neurology. 2013;81:1659–1665. doi: 
10.1212/01.wnl.0000435291.49598.54

	 58.	 van Opstal AM, van Rooden S, van Harten T, Ghariq E, Labadie G, 
Fotiadis P, et al. Cerebrovascular function in presymptomatic and 
symptomatic individuals with hereditary cerebral amyloid angi-
opathy: a case-control study. Lancet Neurol. 2017;16:115–122. doi: 
10.1016/S1474-4422(16)30346-5

	 59.	 Leurent C, Goodman JA, Zhang Y, He P, Polimeni JR, Gurol ME, et 
al; Ponezumab Trial Study Group. Immunotherapy with ponezumab 
for probable cerebral amyloid angiopathy. Ann Clin Transl Neurol. 
2019;6:795–806. doi: 10.1002/acn3.761

	 60.	 Zwanenburg JJM, van Osch MJP. Targeting cerebral small ves-
sel disease with MRI. Stroke. 2017;48:3175–3182. doi: 
10.1161/STROKEAHA.117.016996

	 61.	 Geurts LJ, Zwanenburg JJM, Klijn CJM, Luijten PR, Biessels GJ. 
Higher pulsatility in cerebral perforating arteries in patients with small 
vessel disease related stroke, a 7t mri study. Stroke. 2019;50:62–68. 
doi: 10.1161/STROKEAHA.118.022516

Key Words: arteriolosclerosis ◼ cerebral amyloid angiopathy ◼ cerebral small 
vessel diseases ◼ leukoaraiosis ◼ molecular imaging

D
ow

nloaded from
 http://ahajournals.org by on M

arch 12, 2022




