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Abstract

Cerebral microvascular rarefaction, the reduction in number of functional or structural small blood vessels in the brain,

is thought to play an important role in the early stages of microvascular related brain disorders. A better understanding

of its underlying pathophysiological mechanisms, and methods to measure microvascular density in the human brain are

needed to develop biomarkers for early diagnosis and to identify targets for disease modifying treatments. Therefore, we

provide an overview of the assumed main pathophysiological processes underlying cerebral microvascular rarefaction

and the evidence for rarefaction in several microvascular related brain disorders. A number of advanced physiological

MRI techniques can be used to measure the pathological alterations associated with microvascular rarefaction. Although

more research is needed to explore and validate these MRI techniques in microvascular rarefaction in brain disorders,

they provide a set of promising future tools to assess various features relevant for rarefaction, such as cerebral blood

flow and volume, vessel density and radius and blood-brain barrier leakage.
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Introduction

Normal brain function requires a very high energy

supply, as is illustrated by the fact that the brain uses

about 20% of total body energy even though it com-

prises only 2% of total body mass.1 The human cere-

bral microcirculation consists of approximately 600

kilometers of capillaries, and the number of endothelial

cells in the brain is very similar to the number of neu-

rons.2 Since the brain has little reserve capacity, a

reduction in perfusion is deleterious. There is growing

evidence that alterations at the level of the cerebral

microcirculation play a key role in vascular brain dis-

eases and neurodegeneration.3,4

Importantly, small vessels such as arterioles and

capillaries undergo a reduction in their number,

1Department of Neurology, Maastricht University Medical Center, The

Netherlands
2CARIM – School for Cardiovascular Diseases, Maastricht University,

The Netherlands
3Department of Radiology and Nuclear Medicine, Maastricht University

Medical Center, The Netherlands
4MHeNs – School for Mental Health and Neuroscience, Maastricht

University, The Netherlands
5Department of Cardiovascular Sciences, KU Leuven, Leuven, Belgium

*These authors contributed equally to this work.

Corresponding author:

Maud van Dinther, Maastricht University Medical Centerþ, PO Box 5800,

6202 AZ, Maastricht, The Netherlands.

Email: maud.van.dinther@mumc.nl

Journal of Cerebral Blood Flow &

Metabolism

2022, Vol. 42(5) 718–737

! The Author(s) 2022

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/0271678X221076557

journals.sagepub.com/home/jcbfm

https://orcid.org/0000-0001-7349-4783
mailto:maud.van.dinther@mumc.nl
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0271678X221076557
journals.sagepub.com/home/jcbfm


a phenomenon called rarefaction (Figure 1).5

Microvessel density decreases with normal aging, but

this process is accelerated in microvascular brain dis-

orders.6 In pathology studies on post-mortem speci-

mens, cerebral microvascular rarefaction has been

demonstrated in animal models of ageing,

Alzheimer’s disease (AD), obesity, hypertension and

diabetes mellitus, and the same has been found in

aging humans, AD patients, and humans with white

matter hyperintensities (WMH).6

Microvascular rarefaction may reveal itself as a

functional or structural phenomenon. Functional rare-

faction reflects a reversible reduction in perfused

microvessels, whereas structural rarefaction reflects

an actual anatomical loss of microvessels.7 A reduction

in perfusion likely precedes structural rarefaction.8

Reduced perfusion may eventually lead to neural dys-

function and microstructural tissue damage,9 which

contribute to neurodegeneration and macrostructural

lesions visible on magnetic resonance imaging (MRI).
Investigating microvascular density directly in the

human brain is challenging, since pathological exami-

nation is only possible post-mortem, and the spatial

resolution of the existing medical imaging machines is

insufficient for direct visualization of cerebral capillar-

ies as these are only about 10 mm in diameter.

Nonetheless, since structural rarefaction is preceded

or paralleled by functional rarefaction and microvas-

cular dysfunction, this opens up avenues for measuring

rarefaction by assessing microvascular perfusion and

function.
In this narrative review, we provide an overview of

the literature on microvascular rarefaction in the

human brain. A better understanding of the relevance

of microvascular rarefaction, its underlying

mechanisms, and methods to measure microvascular
density in the brain, is needed to develop markers for
early diagnosis and to identify targets for disease mod-
ifying treatments. We will first discuss pathophysiolog-
ic mechanisms underlying cerebral microvascular
rarefaction, and evidence of microvascular rarefaction
in several brain disorders. Thereafter, relevant princi-
ples of advanced MRI techniques that can be used to
study rarefaction in the human brain including their
limitations are explained. We have limited the scope
of this review to MRI approaches that probe physio-
logic properties in human vascular disease and aging,
since MRI is the most promising and versatile imaging
technique to measure rarefaction, as it can be repeated
over time to monitor changes, and can provide a vari-
ety of functional measures on the microcirculation.

Pathophysiology

Though different processes likely involved in the reduc-
tion of microvessels have been identified, the exact
pathophysiology underlying microvascular rarefaction
in the brain is as yet unknown. Most of these processes
involve changes in the cells composing the neurovascu-
lar unit,10 which is a constellation of microstructural
elements that regulates the close relationship between
metabolic demand, blood supply and neuronal activity
in the brain (Figure 2). We discuss four pathological
processes which most likely play an important role in
microvascular rarefaction. A schematic overview of the
pathophysiological processes resulting in rarefaction is
presented in Figure 3. Most knowledge about the path-
ophysiological processes has been acquired through
histologic analysis on specimens from animal studies,
and to a lesser extent through analysis of human path-
ological post-mortem samples.

Figure 1. Electron-microscopic view on brain tissue obtained at autopsy. Capillaries from the CA1 area of the hippocampus, from a
human who was neurologically intact (a). Capillaries from the CA1 area of the hippocampus, from a human who suffered from AD (b).
The capillary density is substantially decreased in the AD patient (b) in comparison with the healthy control (a). Both images were
taken at 1200x magnification. Source: reproduced with permission form publisher (2012).52
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Impaired angiogenesis and active capillary regression

Pro-angiogenic factors, such as vascular endothelial
growth factor (VEGF) and insulin like growth factor-
1 (IGF-1), are essential for endothelial cell survival and
proper microvascular function, and are known to be
dysregulated in microvascular rarefaction.11 Vascular
density is directly proportional to levels of these pro-
teins. Indeed, increased expression of VEGF or IGF-1
in rodents is accompanied by an increase in cerebro-
vascular capillary density,12–15 whereas low levels of
these pro-angiogenic substances are associated with
microvascular rarefaction.13,16 However, cerebral
microvascular endothelial cells derived from aged
rodents exhibit an impaired angiogenic response to
exogenous administration of VEGF.17 This suggests
that endothelial cells becoming resistant to inducers
of angiogenesis, rather than a decline in serum levels
of pro-angiogenic factors, is critical in the pathophys-
iology of rarefaction.18

In the adult human brain, however, the vasculature

is relatively quiescent and angiogenesis only occurs in

response to hypoxia.19 This implies defects in angiogen-

esis cannot account for the initiation of capillary rare-

faction, though they can account for failed repair

response after microvascular rarefaction has occurred

and a state of hypoxia is present. Active capillary

regression is now increasingly being recognized as

important in microvascular rarefaction though its

molecular mechanisms remain poorly understood.

Actively regressing vessels can be identified by string

vessels, which are basement membranes without endo-

thelial cells (Figure 4).20 Although regression is a

normal part of development, improper activation of

regression signals can lead to microvascular rarefac-

tion, and this process could account for the commence-

ment of it in the absence of hypoxia.
Active regression is not simply the result of a lack of

pro-angiogenic factors. Indeed, merely reducing VEGF

Figure 2. The neurovascular unit regulates the close relationship between metabolic demand and neuronal activity in the brain, and
is composed of the vascular endothelium, pericytes, astrocytes, neurons, and extracellular matrix around the vessels.10 The com-
ponents are intimately and reciprocally linked to each other, establishing an anatomical and functional unity. The blood-brain barrier,
which is formed by the endothelial cells connected by tight junctions, pericytes and astrocytes, protects the neuronal microenvi-
ronment by separating harmful components of the blood circulation from neurons, and by maintaining the chemical composition of
the neuronal environment. Neurons detect variations in oxygen and nutrients supply, and subsequently communicate with the vessels
through astrocytes, thereby influencing the vascular tone. Anatomically, neurovascular communication takes place through the
astrocyte endfoot, which is a highly specialized astrocyte extension that is in contact with the surface of pericytes. Functions of
pericytes include stabilizing the vascular wall and maintaining vascular quiescence and vascular integrity by bidirectional signaling with
endothelial cells, deposition of the basement membrane, providing capillary contraction, and bridging endothelial gaps. Endothelial
cells enclose the vascular lumen, and produce trophic and vasoactive factors important for vascular health and tone. Image was created
by use of biorender.
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is not sufficient to initiate or induce capillary regres-
sion, and even in the presence of relatively high levels
of VEGF, vessel regression occurs.21 By contrast, neg-
ative angiogenic regulators may be the key determinant
in initiating and regulating capillary regression.21,22

For example, a study using transgenic mice that over-
produce a constitutively active form of transforming
growth factor-b1 (TGF-b1) showed an increased
number of string vessels in the cortex and hippocampus
in comparison with wild type mice.23 Of note, TGF-b1
is shown to be increased in the cerebrospinal fluid and
blood of AD and vascular cognitive impairment (VCI)

patients.24,25 Furthermore, post-mortem studies that
compared the brains of AD patients with elderly con-
trols have shown string vessels to be increased in
AD.26–30 On the contrary, string vessels were found
to be decreased in cerebral white matter in subjects
with WMH.31 However, since it is known that string
vessels gradually disappear with time, and the observed
decrease in string vessels was greater than the decrease
in capillaries, it was hypothesized that an early loss of
capillaries in WMH is followed by the disappearance of
string vessels, so that by the time the subject dies there
are few string vessels left.31

Figure 3. Schematic overview of the pathophysiological processes leading to microvascular rarefaction. Increased levels of anti-
angiogenic factors induce vessel regression, directly resulting in microvascular rarefaction. An insufficient increase in pro-angiogenic
factors, as well as a resistance towards pro-angiogenic factors, prevent adequate angiogenesis during hypoxia. Oxidative stress results
in endothelial dysfunction and apoptosis, both directly leading to microvascular rarefaction. Furthermore, endothelial dysfunction and
apoptosis also indirectly contribute to rarefaction due to the disturbance in pericyte-endothelial cross-talk leading to pericyte loss,
and via its suppressive effect on angiogenesis. Pericyte loss directly leads to rarefaction by leaving the vascular wall unprotected and
vulnerable, by the transition to myofibroblasts which promote the loss of capillaries, and by the loss of the reserve capacity to
replenish vascular cells lost during aging. Micro-embolisms and increased vessel tortuosity result in decreased shear stress, indirectly
leading to microvascular rarefaction by inducing endothelial dysfunction and apoptosis, as well as impaired angiogenesis. Image was
created by use of biorender.
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Endothelial dysfunction and apoptosis

Cumulative exposure to cardiovascular risk factors
leads to oxidative stress by reactive oxygen species
(ROS), causing endothelial dysfunction and apopto-
sis.32 Endothelial dysfunction has been shown to cor-
relate with functional rarefaction,33 and apoptotic
endothelial cell death is involved in structural capillary
rarefaction.34 Endothelial injury causes a decreased
bioavailability of nitric oxide (NO), resulting in a
reduced arteriolar vasodilator capacity, leading to
decreased blood flow through the capillaries, i.e. func-
tional rarefaction.35 Decreased NO production also
promotes endothelial apoptosis,36 and has been causal-
ly linked to an impaired angiogenic capacity of endo-
thelial cells,37 thereby directly contributing to
structural rarefaction as well. Apoptosis of a relatively
small proportion of endothelial cells may be sufficient
to mediate significant microvessel rarefaction.38

The importance of oxidative stress in the origin of
endothelial injury in the brain is supported by studies
showing that attenuation of mitochondrial oxidative
stress using different inhibitors of ROS production
increases cerebral capillary density, restores angiogenic
potential in aged rodents,39,40 and restores
endothelium-mediated vasodilation in the brain of
aged mice.41,42

Pericyte loss

One of the functions of pericytes is to control capillary
tone. Whereas enhanced activity of pericytes causes
capillary contraction and entrapment of erythrocytes,5

the loss of pericytes results in dilated capillaries, lead-
ing to uneven and disrupted flow patterns within the
network, causing disruptions in capillary transit time.43

Thus, pericytes may play an important role in the
functional stage of microvascular rarefaction.

Furthermore, when a disturbance in the pericyte-
endothelial cross-talk appears, pericytes detach from
the vascular wall and migrate into the interstitial
space, leaving the vascular wall unprotected and vul-
nerable.44 In the interstitial space, pericytes undergo a
functional transition to myofibroblasts (scar-forming
cells) 45 or undergo apoptosis.46 Preliminary studies
have shown that myofibroblasts may promote vascular
leakage and the death of capillaries.47,48 Hence, peri-
cyte detachment is deleterious to capillaries in multiple
ways and the loss of pericytes results in structural rar-
efaction. Pathways involved in pericyte-endothelial cell
disassembly have been reviewed in detail before and
will not be discussed here further.47 Lastly, pericytes
might serve as a local stem cell population that replen-
ish differentiated interstitial and vascular cells lost
during aging.49 The loss of this reparative capacity
also promotes capillary rarefaction. Indeed, in mice
models, a reduced pericyte coverage and pericyte
number in the brain have repeatedly been correlated
with reduced microvascular density.18,50,51 A postmor-
tem study showed a reduced microvessel density in
combination with marked degeneration of pericytes in
the hippocampus and cortex in AD patients in compar-
ison with controls.52

Loss of shear stress

Stagnation of blood flow leading to a reduction of
shear stress can be caused by tortuosity of microvessels
and vascular blockage by spontaneous microemboli.
Tortuosity of microvessels occurs with aging 53 and is
associated with cardiovascular risk factors such as
hypertension and diabetes.54,55 Microemboli are asso-
ciated with both AD and vascular dementia.56

Decreased shear stress leads to compromised endothe-
lial NO synthase (eNOS) function in endothelial cells
resulting in lower levels of NO, which initially leads to
prolonged periods of functional rarefaction by compro-
mised vasodilation, and eventually results in structural
rarefaction.5 Additionally, mechanical forces may play
a significant role in pro-angiogenic and anti-angiogenic
reprogramming. Cyclic strain triggers endothelial cell
programs which result in sprouting angiogenesis and
recruitment of smooth muscle cells.57 For example, it
has been shown that a lack of blood flow results in
loss of availability of VEGF.58 Flow dependent shear
forces also provide the survival signal for endothelial
cells and a decrease in shear stress in capillaries facili-
tates endothelial apoptosis.59 As such, it has been
shown that shear stress generated by a flow chamber
attenuates brain microvascular endothelial cell
apoptosis in rats.36 Hence, a loss of shear stress may
present a mechanism linking functional and structural
rarefaction.

Figure 4. String vessels (arrows) which represent basement
membranes without endothelial cells in a thick celloidin section
of the cerebral white matter, stained with antibody to collagen IV.
Source: reproduced with permission form publisher (2009).31
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Linking the different pathophysiological mechanisms

To provide a structured overview of the pathophysio-
logical pathways involved in brain microvascular rare-
faction, we presented the four main pathophysiological
processes separately. However, these processes are not
self-containing, yet there is a continuous interplay
between these processes. Pericytes, for example, are
dependent on cross-talk with endothelial cells for
proper functioning, so endothelial dysfunction or apo-
ptosis will typically be accompanied by pericyte loss.47

Endothelial cells are also the key cell type involved in
angiogenesis, hence endothelial malfunction or death
will also result in impaired angiogenesis.37 A decrease
in shear stress, on its turn, leads to impaired angiogen-
esis and endothelial dysfunction and apoptosis,57,59

rather than directly causing rarefaction. This interde-
pendency leads to self-reinforcement, where dysfunc-
tion in one cell type sets of a chain of events causing
further acceleration of the pathophysiological process.
Although a complex interaction between these process-
es is probably present, most studies have mainly
focused on a singular process. It is for this reason
that the exact sequence and relative importance of
events in the origin of microvascular rarefaction in
the human brain remains elusive.

Furthermore, most evidence for these pathophysio-
logical processes of microvascular rarefaction in the
brain comes from animal studies, which can be
regarded as low level evidence, since it is unclear how
findings in animals relate to findings in humans.
Although far more research has been conducted in
impaired angiogenesis than in pericyte loss in animal
models, pericyte loss and vessel regression have been
confirmed in human post-mortem case-control stud-
ies.26–30,52 On the other hand, for impaired angiogene-
sis, endothelial dysfunction and loss of shear stress,
‘intervention’ studies in animals have been performed
to intervene in the pathophysiological process resulting
in higher microvascular density,12–15,36,39,40 and these
could be regarded as a high level of evidence for the
role of these processes.

Evidence for microvascular rarefaction in

microvascular brain disorders

Cerebral small vessel disease

cSVD is an umbrella term that covers all pathologies of
the cerebral small vessels. It causes hemorrhagic
strokes, ischemic lacunar strokes, VCI and dementia.60

One of the typical structural brain lesions that can be
seen on MRI are WMH.61 The precise pathways in
microvascular dysfunction leading to cSVD remain
unclear, but there is growing evidence that

microvascular rarefaction plays a contributing role.

Postmortem studies showed that subjects with WMH

had a decreased cerebral microvascular density in com-

parison with subjects without WMH.62,63 In a mouse

model of cerebral autosomal dominant arteriopathy

with subcortical infarcts and leukoencephalopathy

(CADASIL), a mono-genetic type of cSVD, a substan-

tial reduction in white matter capillary density was

shown, and this rarefaction was shown to precede the

occurrence of WMH and to be progressive.64 A decline

in cerebral microvascular density has also been corre-

lated with diminished cognitive function in mice.18

Additionally, microvascular rarefaction in the brain

has been shown in rodents with cardiovascular risk

factors, such as hypertension, diabetes, and obesi-

ty.65–70 Since these comorbidities are strongly linked

to the development of age- and vascular risk factor

associated cSVD and have been shown to cause cere-

bral microvascular rarefaction, this also supports a role

of rarefaction in the development of cSVD.

Alzheimer’s disease

AD, a neurodegenerative brain disease, is the most

common cause of dementia in the elderly. Although

deposition of amyloid b (Ab) and hyperphosphorylated

misfolded tau have long been the focus in explaining

the molecular cause of AD, accumulating evidence now

suggests that the early stage of AD might be primarily a

microvascular disorder.4 Ab depositions are present in

the neurovascular unit and their presence is associated

with microvascular impairment, which contributes to

the development of early-stage pre-plaque cognitive

dysfunction as well as subsequent progression of the

disease.4,71 Furthermore, increased deposition of Ab
results in degeneration and disappearance of capillaries

and small vessels, i.e. microvascular rarefaction.72,73

Subsequently, capillary loss leads to an impaired clear-

ance of Ab, which further promotes vascular damage.74

Ab accumulations on capillaries may contribute to the

reduced brain capillary density via endothelial apopto-

sis due to its toxic effects,75,76 and via its intrinsic

anti-angiogenic activity77 and capacity to bind other

pro-angiogenic factors such as VEGF.78 Several studies

have revealed a decreased microvascular density and an

increased number of string vessels in the brain of AD

patients.26,62,79–85

Ageing

Ageing may not be considered a pathology, but its pro-

cesses show considerable overlap with cSVD and neu-

rodegeneration. Numerous studies have shown a

decreased cerebral microvascular density in the

brain of healthy aging humans.26,62,79–81,86,87
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Although microvascular density is lower in younger
AD and cSVD cases in comparison with age matched
controls, microvascular density in these patient groups
and controls converges by the ninth decade of life.6,62

Since microvascular density also decreases with age in
absence of disease, it can be challenging to distinguish
the effect of ageing from disease specific processes in
cSVD and neurodegeneration.

Cognitive impairment following whole brain
radiation therapy

Whole brain radiation therapy leads to cognitive
impairment in 40-50% of brain tumor survivors.88

Although the etiology of cognitive deficits post whole
brain radiation therapy remains unclear, microvascular
rarefaction appears to be an important contributor.
Indeed, whole brain radiation therapy induced pro-
found microvascular rarefaction in rats and mice,89,90

and a reduced capillary density in the hippocampus of
these mice is linked to deficits in learning and
memory.91 It has been shown that brain irradiation
induces dose-dependent endothelial apoptosis, loss of
pericytes,92 and impaired angiogenesis,93 all promoting
rarefaction. Therapeutic strategies, such as chronic sys-
temic hypoxia, restore capillary density and this results
in the rescue of cognitive function.89

Microvascular rarefaction: cause or

consequence?

During ageing and disease progression, both brain
capillaries and neural tissue are lost. Whereas loss of
neural tissue could result in a decreased need for
oxygen and glucose and subsequently might lead to
capillary loss, several studies have shown an increased
oxygen extraction from the blood in WMH, suggesting
capillary loss occurs first.94–96 In conjunction with this,
studies have not only revealed a decreased cerebral
blood flow (CBF) in WMH, but also in undamaged
brain regions.64,97 Likewise, a CBF reduction was
already detectable before any brain lesions appeared.64

These findings support a causal role of hypoperfusion
rather than a secondary reduction of perfusion due to a
reduced metabolic demand of damaged tissue in the
brain.

MRI methods to measure microvascular

rarefaction

This section explains and discusses advanced MRI
techniques, which can provide measures that reflect
certain aspects of the pathophysiological pathways
associated with microvascular rarefaction in human.
Individual capillaries cannot be visualized

morphologically and the various pathophysiological

processes cannot be visualized directly. Instead, MRI

can give a proxy by measuring their functional charac-

teristics such as microvascular volume and flow, wall

permeability, cerebrovascular reserve capacity, and

also sense various sizes of small blood vessels. These

functional MRI measures do not reflect properties of

individual microvessels, but the combined effect of a

large number of microvessels in a tissue region with a

size of one or a few cubic millimeters. A summary of

the discussed MRI techniques is provided in Table 1.

Moreover, in Table 2 we present an overview of how

these microvascular MRI measures are expected to

relate to the four main pathophysiological processes

discussed above.

Dynamic susceptibility contrast-enhanced MRI

Dynamic susceptibility contrast-enhanced (DSC) MRI

is a technique that measures hemodynamic character-

istics, such as cerebral blood flow and volume. In the

DSC MRI method, multiple spin echo (SE: T2-

weighted) or gradient echo (GE: T2*-weighted)

images are acquired with high temporal resolution

during an intravenous bolus injection of a paramagnet-

ic contrast agent (e.g. gadolinium). This dynamic mea-

surement typically only captures the first passes of the

contrast agent through the brain. The contrast agent

particles change the local homogeneity of the magnetic

field (cause T2 and T2* shortening) inside and in the

vicinity of the blood vessels, thereby lowering the signal

intensity. The amount of this signal attenuation is relat-

ed to the contrast agent concentration, which enables

converting the measured signal intensity curves to con-

centration curves over time. Subsequently, the quanti-

fication of CBF, cerebral blood volume (CBV) and

mean transit time (MTT) of the contrast agent through

the brain tissue can be obtained by applying a compu-

tational hemodynamic model to the tissue and arterial

concentration curves, which also corrects for the blood

supply. A more advanced DSC measure worth men-

tioning is the capillary transit time heterogeneity

(CTTH), which reflects whether the capillary network

is perfused homogenously.43

DSC-MRI is widely used in clinical research, since it

provides a strong signal effect between the pre- and

post-contrast signal and has a short acquisition time

(2-3min).98 Though DSC-MRI has been well estab-

lished in clinical research, the process to obtain quan-

titative measures is complex and a thorough

understanding of its acquisition parameters, image

processing and limitations is needed to ensure accurate

results. Most of these aspects concerning DSC-MRI

have previously been reviewed.99
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GE is different from SE sequences with respect to

their sensitivity for vessel size. GE shows a stronger

signal drop, since the GE signal is effected by the con-

trast agent in blood vessels of all sizes, whereas the SE

signal is most sensitive to magnetic field inhomogene-

ities in and around the small blood vessels (radius

<10 lm).98,100 Accordingly, SE is found to be more

representative when measuring microvascular perfu-

sion characteristics compared to GE,101 and thus is

the favorable technique to detect alterations in capil-

lary perfusion as a proxy for microvascular rarefaction.

For example, the relative CTTH measured by SE was

found to correlate with WMH load and cognitive

impairment in an AD cohort, while these same corre-

lations could not be shown when CTTH was measured

by GE.102 However, due to the stronger signal modify-

ing effect GE has previously been more frequently per-

formed than SE. Using GE, hypoperfusion has been

demonstrated in AD patients compared to con-

trols.103,104 In contrast, however, few studies found

hyperperfusion in prodromal AD (at the stage of

mild cognitive impairment), which was hypothesized

to be a compensatory mechanism.103,104 Furthermore,

a strong negative correlation was found between brain

perfusion measured with GE and cSVD-burden

score.105 An example of a CBF map measured with

DSC MRI in cSVD is shown in Figure 5.106

Vessel size imaging

Vessel size imaging is an MRI technique that relies on

measuring both a SE (for relaxation rate R2¼ 1/T2)

and GE (for R2*¼ 1/T2*) before and after contrast

agent administration. Since SE is more sensitive for

small vessels than GE, the ratio of changes in relaxa-
tion rates DR2 and DR2* is dependent on the density
and the average radius of the small blood vessels, which
can be calculated within a voxel by this technique.107

Two measurement approaches can be distinguished in
vessel size imaging: steady state imaging and dynamic
imaging.

The steady state approach acquires only two R2*
and R2 measurements (one pre- and one post-
contrast). During the post-contrast measurement, the
contrast agent concentration in the blood needs to be
stable, which is the reason that ultra-small paramag-
netic iron oxide (USPIO) is a more suitable contrast
agent for the steady state approach than gadolinium-
based contrast agents (USPIOs have a slower clear-
ance). The dynamic approach acquires high temporal
SE and GE images before, during and after the contrast
agent concentration peak. Hereafter, the pre- and post-
contrast relaxation rates are calculated to obtain DR2*
and DR2 curves over time. The dynamic approach is
preferred in human research, since gadolinium based
contrast agents have considerably less health risks
than USPIOs and the acquisition period can be kept
shorter.100

The measures that can be determined using vessel
size imaging are the mean vessel density (Q), the
mean vessel diameter (mVD) and the vessel size index
(VSI) or vessel size radius. Q and mVD are related to
the vessel architecture, however, they are also depen-
dent on the acquisition parameters and on the amount
of water diffusion in the brain, since the amount of
parenchymal water diffusion is related to the amount
of signal attenuation of the spin echo. The VSI,
expressed in lm, is a diffusion-corrected measure,

Figure 5. Fluid Attenuated Inversion Recovery of cSVD patient (A) and the corresponding CBF map measured by DSC MRI (B). The
CBF is higher in the cortical grey matter and lower in WMH compared to normal appearing white matter.
CBF: cerebral blood flow; cSVD: cerebral small vessel disease; DSC MRI: dynamic susceptibility contrast-enhanced magnetic reso-
nance imaging; WMH: white matter hyperintesities.
Source: reproduced with permission form publisher (2019).106
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hence an additional MRI acquisition should be per-

formed to determine the tissue diffusion coefficient.

Recommendations for vessel size imaging parameters

and analysis methods are explained elsewhere.100

Furthermore, we would like to point out that the fast

dynamic (hybrid) GE-SE sequence can also produce

CBV and CBF maps, assuming that the temporal res-

olution remains sufficient.100 Therefore, this technique

can easily replace DSC-MRI.
Up to this point, human vessel size imaging research

was mainly performed in patients with brain tumors,

where two studies have demonstrated that the VSI of

tumor tissue highly correlated with the true vessel

radius, obtained by histopathology.108,109 Vessel size

imaging has also recently been performed in patients

with subcortical vascular dementia.110 In the white

matter of these patients, a higher mVD and VSI was

found compared to healthy controls, probably due to

dilatation of small vessels and/or a relatively fast

decreasing number of small vessels in dementia.

Taken together, vessel size imaging seems to be a prom-

ising technique to reveal information about the micro-

vascular architecture in-vivo, although it has not yet

been investigated extensively in diseases associated

with rarefaction.

Dynamic contrast-enhanced MRI

The integrity of the cerebral microvascular walls can be

measured with dynamic contrast-enhanced (DCE)

MRI. This technique acquires dynamic T1-weighted

images before, during and after gadolinium-based con-

trast agent administration. The gadolinium molecules

lower the longitudinal relaxation time (T1), and there-
fore enhance the T1-weighted signal.

When the blood-brain barrier (BBB) is disrupted,
contrast agent particles are no longer fully restricted
to the vascular compartment and can leak into the
extravascular extracellular space of the brain tissue
(Figure 6). Retention of contrast agent in brain tissue
can be detected by converting signal enhancement
curves to concentration curves over time in both
tissue and blood. Quantification of the BBB leakage
is then obtained by a pharmacokinetic model.111

Recommendations for DCE MRI acquisition parame-
ters and analysis for subtle BBB impairment (e.g. in
cSVD and AD), which differ from those used for
high BBB leakage rates (e.g. in high-grade tumors
and stroke lesions), were given elsewhere.112 For
subtle BBB leakage, the simple pharmacokinetic graph-
ical Patlak method is recommended, which neglects the
reflux of contrast agent. The main output measure is
the BBB leakage rate Ktrans, which is the product of the
vessel surface area (S) and the permeability (P).113 An
additional output measure of this model is the blood
volume fraction (vb).

Although measuring BBB leakage with DCE MRI is
promising, it has some limitations that impede the use
of this technique in routine clinical practice. The main
limitations are the significant image noise influencing
the tissue concentration curves and consequently Ktrans,
and the long scanning time (>15minutes) to allow the
contrast agent particles to extravasate from the blood
into the tissue.112

DCE-MRI has previously revealed an increased
BBB leakage rate in cSVD 114,115 and early AD.116

Figure 6. Principle of assessing the BBB leakage. The contrast agent remains intravascular when the BBB is intact, whereas the
contrast agent leaks into the extracellular extravascular space when the BBB is disrupted. The contrast agent concentration in tissue
decreases slower in case of impaired BBB due to the retention of contrast agent in tissue. Image was created by use of biorender.
BBB: blood-brain barrier; CA: contrast agent.
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In cSVD, it has been demonstrated that a higher BBB
leakage rate (measured with DCE-MRI) is correlated
with decreased perfusion (measured with DSC-
MRI),106 and with decreased cognitive performance.115

The BBB was also found to be increasingly impaired
with (normal) aging.117

Arterial spin labeling

Arterial spin labeling (ASL) can measure cerebral
blood flow (CBF) by using inflowing water as an
endogenous tracer. This technique inverts the magneti-
zation of the blood water spins in the feeding arteries,
thereby labeling the blood before it enters the brain.
The brain tissue is imaged after a delay time, which
allows the labeled spins to travel from the arterial com-
partment to the tissue capillary bed. For each labeled
image, a corresponding control image is acquired.
After image acquisition, the difference is calculated
between the non-labeled and the labeled signal, which
is proportional to the CBF.

Although several labeling and acquisition
approaches exist, pseudo-continuous ASL (pCASL) is
most commonly used in clinical research applica-
tions.118 In pCASL, a train of short RF pulses is
applied to invert the spins flowing through a labeling
plane that is positioned orthogonally to the artery

(Figure 7). The length of this RF pulse train is called

the labeling duration. Another important acquisition

parameter in ASL imaging is the post-labeling delay

(PLD), which is defined as the time between the end

of the labeling period and the start of the tissue imag-

ing. Since the labeled (i.e. inverted) blood water spins

relax back to their equilibrium state, the labeled spins

‘lose’ their labels when more time has passed after the

labelling period, and thus no perfusion signal is cap-

tured when the PLD is too long. However, when the

PLD is too short, the flowing labeled spins have not yet

entered the tissue of interest, so the optimal choice

depends on the arterial transit time (ATT). For exam-

ple, a longer ATT is expected for older adults

(>70 years) and/or persons with tortuous vessels,

which explains that the recommended PLD is longer

for older than for younger adults.119 Thus, a correct

PLD ensures that the flow signal is measured from

the capillaries and not from the afferent and/or efferent

blood vessels, but in practice the capillary flow cannot

entirely be distinguished from the arteriolar flow.
ASL is an acknowledged MRI technique to measure

CBF quantitatively in the grey matter. Consensus rec-

ommendations have been given for its clinical imple-

mentation.120 However, ASL has a lower contrast

effect compared to DSC-MRI. The contrast effect of

Figure 7. Examples of ASL planning and CBF maps for healthy subject (upper row) and a patient with vascular cognitive impairment
(bottom row). The acquisition volume (green) captures the brain tissue (a) (e), and the labeling slice (purple) is placed orthogonally to
the arteries (b) (f). The importance of visualizing the arteries for ASL planning is shown in (f), where the artery map is required to
avoid the tortuous part of the artery in the labeling plane. The CBF maps for a healthy subject are shown in (c) and (d), where the
labeled blood water spins have reached the brain tissue. The CBF maps for a patient with vascular cognitive impairment (lower arterial
blood velocity) are shown in (g) and (h), where the labeled blood water spins are still located in the arteries (white arrow indicate the
high perfusion signal from arteries).
CBF: cerebral blood flow; A: anterior; P: posterior; R: right, L: left; ASL: arterial spin labeling.
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ASL is particularly low in white matter, since white
matter has a longer ATT and lower perfusion compared
to grey matter.121 Therefore, performing ASL at a mag-
netic field of 3T or higher is strongly preferred, as this
increases the contrast-to-noise ratio.119 Although ASL is
ready for clinical use, new variants are still emerging to
address the remaining challenges122 and to provide addi-
tional physiological measures, such as the rate of water
exchange across the BBB.123

Since ASL is non-invasive and can easily be repeat-
ed, this technique is well suited to measure another
relevant biomarker reflecting the microvascular condi-
tion: cerebrovascular reserve (CVR). To determine
CVR, CBF is measured in both resting state and max-
imum flow state (i.e. during a vasodilator challenge).
This maximum flow state can be created physiological-
ly (breath hold or CO2 inhalation) or pharmaceutically
(acetazolamide administration). The CVR describes to
what extent the CBF is able to increase during the
vasodilator challenge compared to baseline. In patients
with structural rarefaction, most residual capillaries are
already perfused and dilated at rest, so they lack the
ability to further increase their CBF in critical situa-
tions.119 Note that CVR can also be measured using
other MRI techniques, for instance based on the blood-
oxygen-level-dependent (BOLD) effect, which were
reviewed elsewehere.124

Previous ASL studies in healthy aging and AD have
critically been reviewed, whereby it was concluded that
ASL is a promising tool to measure hypoperfusion in
AD, contributing to early AD diagnosis.125 The hypo-
perfusion patterns found with ASL resembled fluoro-
deoxyglucose positron emission tomography
(FDG-PET) derived hypometabolism patterns in AD
and mild cognitive impairment.126 Furthermore, ASL
demonstrated a decreased CBF in cSVD within
WMHs,127 and perilesional zones,128 as well as in
healthy aging.129 Nevertheless, CBF measurements by
ASL should be interpreted with caution in these pop-
ulations, since the measured hypoperfusion could have
partially been caused by a longer ATT and thus might
not entirely reflect functional rarefaction.125 One
advanced ASL technique worth considering in cerebro-
vascular diseases is multi-delay ASL, which corrects the
CBF for ATT at the cost of longer imaging duration or
fewer label-control pairs (reducing the contrast effect)
and more complex imaging processing.122 When multi-
delay ASL is not feasible in populations with expected
prolonged ATT, an ASL with long PLD is advised,
including those where rarefaction is likely expressing.130

Intravoxel incoherent motion imaging

Intravoxel incoherent motion (IVIM) imaging is a dif-
fusion weighted imaging technique that can provide

information about microvascular perfusion, in addition

to the parenchymal diffusivity.131 When capillaries are

assumed to follow a random pattern of directions, the

flow of blood molecules through the capillary network

can be referred to as pseudo-diffusion. The microvas-

cular pseudo-diffusion is typically ten times higher than

the parenchymal diffusivity.132 IVIM parameters can

be obtained by fitting a biexponential model, resulting

in the parenchymal diffusion (D), the microvascular

pseudodiffusion (D*), and the blood volume perfusion

fraction (f ). The product of the blood volume perfusion

fraction and pseudodiffusion (fD*) is assumed to rep-

resent a proxy of the microvascular blood flow, though

physical units differ.133 Examples of D- and f -maps for

a patient with cSVD are visualized in Figure 8.134

The ability of IVIM to measure perfusion was vali-

dated by a study scanning healthy volunteers during

normal breathing as well as hyperventilation.135 The

IVIM perfusion measures (f and fD*) were reduced

in the hyperventilation condition, which was in agree-

ment with hypotheses and with the measured ASL

perfusion.135

Measuring acute hypoperfusion with IVIM was

shown to be feasible in stroke patients, whereas the

interpretation of the IVIM perfusion measurement in

patient groups with chronic hypoperfusion is not

straightforward.136 IVIM perfusion has previously

been measured in cSVD,136 type 2 diabetes,137 AD
138,139 and neurologically normal aging subjects.140

These studies anticipated to find a reduced blood

flow volume and/or hypoperfusion (lower f and fD*),

yet instead they found an increase in f and fD* in the

diseased/older group compared to the control group.

These studies reasoned that the small blood vessels

were dilated or that D* and f do not merely represent

the microvascular component.141 Other factors may

increase the attenuation of the microvascular compo-

nent in IVIM and thus cause D* and f to be higher, e.g.

movement of interstitial fluid,140,142 BBB leakage,137,143

and vessel tortuosity.144 Since rarefaction is often

linked with one or more of these vascular alterations,

the IVIM perfusion measures (f, D* and fD*) are rather

indicative of microvascular integrity than mere CBF.

Other techniques to measure

microvascular rarefaction

In this review we focused on MRI for the assessment of

microvascular rarefaction since we believe it is the most

feasible and versatile non-invasive imaging method to

measure cerebral microvascular rarefaction in human

in vivo. Other imaging modalities that can be used to

measure CBF in human include positron emission

tomography (PET), single photon-emission computed
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tomography (SPECT), and computed tomography

(CT).145 PET can also be used to measure subtle BBB

leakage.146 Although these other techniques can have

specific advantages, they are less widely applied than

MRI, as MRI provides detailed information on the

brain’s anatomy and tissue lesions in the same exami-

nation session, can be more easily repeated over time,

and involves no ionizing radiation exposure or admin-

istration of iodinated contrast material. Since micro-

vascular rarefaction is assumed to be a systemic

process, measures of rarefaction in other, more easily

accessible, organs could serve as a surrogate marker for

cerebral microvascular rarefaction. Especially measures

of microvascular density in the retina, obtained by

optical coherence tomography angiography, seem to

be suited as surrogate marker due to the anatomical

and functional similarity of the cerebral and retinal

vessels.147 Other commonly used techniques to measure

microvascular rarefaction include sublingual and skin

intravital video-microscopy, and nailfold capillary

microscopy. An extensive description of these non-

MRI techniques is beyond the scope of this review.

Discussion and future directions

Considering the growing ageing population, microvas-

cular related brain disorders such as AD and VCI will

become an even bigger worldwide health issue in the

future then they already are today. Lack of early diag-

nosis and effective treatments are major problems. To

enable early diagnosis and to find targets for new ther-

apies, a better understanding of the underlying

pathophysiological pathways leading to these micro-
vascular brain disorders is needed.

In this review we have pointed out four main path-
ophysiological pathways involved in microvascular rar-
efaction (impaired angiogenesis and active capillary

regression, endothelial dysfunction and apoptosis, peri-
cyte loss, and loss of shear stress), and their possible
interplay. Although the pathophysiological pathways

underlying microvascular rarefaction in the brain are
becoming clearer, there are still a number of knowledge

gaps to be filled in. Currently, most research into the
pathophysiology of microvascular rarefaction has been
conducted in animal models, whereas studies in

humans are needed to confirm that findings in animals
relate to these in human. More research investigating
the different pathophysiological processes simulta-

neously is needed to learn more about the sequence
and the relative importance of these processes.

Furthermore, little is known about the relation of
microvascular rarefaction with other processes known
to play a role in microvascular related brain disorders

(e.g. neuro-inflammation, BBB disruption).
Existing MRI techniques can increase the knowl-

edge about the role of microvascular rarefaction and
its underlying pathophysiological pathways in micro-

vascular brain disorders. The various techniques
described in this review cannot depict microvessels in
a morphological way, but can measure various func-

tional aspects of microvascular rarefaction. Table 2
provides an overview of the main pathophysiological
processes and the resulting expected changes in physi-

ological MRI measures during the timelapse of

Figure 8. Example of IVIM parameter maps in cSVD: Fluid Attenuated Inversion Recovery (a), blood volume perfusion fraction
(b) and parenchymal diffusion (c). The arrows indicate that even for normal-appearing white matter differences in f and D were visible.
Source: reproduced with permission form publisher (2017).134

f: blood volume perfusion fraction; D: parenchymal diffusion; IVIM: intravoxel incoherent motion imaging; cSVD: cerebral small vessel
disease.
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rarefaction. Endothelial dysfunction causing a reduced
arteriolar vasodilator capacity and enhanced pericyte
contraction, both directly lead to a reversible reduction
in blood flow and volume (i.e. functional rarefaction),
whereas impaired angiogenesis and capillary regres-
sion, endothelial apoptosis and pericyte loss lead to
an actual reduction in capillaries and thus an irrevers-
ible reduction in blood flow and volume. These reduc-
tions in blood flow and volume should be measurable
with DSC MRI, ASL and IVIM. Vessel size imaging
may be able to measure reduced mean vessel density.
The CTTH determined with DSC MRI, can reflect the
inhomogeneous flow patterns within the capillary net-
work caused by pericyte loss. BBB leakage is not direct-
ly related to rarefaction itself, however the associated
underlying pathophysiological processes influence the
leakage measure Ktrans obtained with DCE-MRI. The
interpretation of Ktrans (P � S) is not straightforward in
the context of microvascular rarefaction. On one hand,
a reduced capillary density leads to a reduced total
vessel surface area S, contributing to a decreased leak-
age Ktrans. On the other hand, pericyte loss and endo-
thelial apoptosis result in a leaky vessel wall, causing
an increase in permeability P, resulting in an increased
Ktrans. Previous studies have shown increased Ktrans in
diseases associated with rarefaction,114–116 suggesting
that the increase in P dominates. The detectable
effects of vessel diameter changes in rarefaction by
vessel size imaging are also debatable. The effects of
endothelial dysfunction (i.e. reduced arteriolar vasodi-
lator capacity) and enhanced pericyte contraction
would lead to a decreased vessel radius. Meanwhile,
there are other effects causing an enlarged mean vessel
radius, e.g. vessel dilation as a compensatory mecha-
nism for the reduced CBF in structural rarefaction or
as a result of pericyte loss, and the occlusion or col-
lapse of the smallest capillaries.110 Which techniques
serve best to measure microvascular rarefaction at
what stage of the pathological cascade in microvascu-
lar brain disorders is likely a complex puzzle to be
solved.

In the context of microvascular brain disorders, the
physiological MRI techniques described are mainly
used in clinical research settings. These techniques
can be classified into exogenous and endogenous con-
trast agent based techniques. In general, the strength of
exogenous contrast agent based MRI techniques (i.e.
DSC MRI, vessel size imaging and DCE MRI) is the
strong contrast effect.148 However, contrast agents
have a small risk to induce contrast nephropathy in
patients with pre-existing renal impairment. The
endogenous contrast agent based MRI techniques
(i.e. ASL and IVIM) can be used as an alternative in
people with contraindications for contrast agent, and
are preferable when multiple measurements over time

are required. The endogenous techniques are still

emerging, and a detailed understanding of these tech-

niques is needed for clear interpretation of the perfu-

sion MRI measures in microvascular brain disorders.

Researchers should be aware of the confounding fac-

tors, i.e. the influence of the arterial transit time on

ASL perfusion signal and the non-perfusion factors

that contribute to the IVIM perfusion signal.
Furthermore, the image acquisition and analysis

protocols for advanced MRI techniques vary widely,

which hampers progression in understanding the

underlying pathophysiological pathways in microvas-

cular rarefaction and its contribution to the clinical

features of microvascular brain disorders such as AD

and cSVD. To enable comparing studies over various

sites, MRI protocols for image acquisition and image

analysis need to be standardized.
More studies investigating these MRI techniques in

human microvascular brain disorders are essential to

establish test-retest repeatability and for validation of

sensitivity to the subtle changes which can be found in

these disorders. Ideally, longitudinal studies are needed

to assess true rarefaction, i.e. temporal changes in

microvascular density throughout disease progression

and during healthy aging. Considering younger sub-

jects are more likely to show significant differences in

vessel density due to pathologies such as AD and cSVD

in comparison with aged matched controls, it might be

valuable to prevent oversampling of oldest-old subjects

in future studies.6 Furthermore, there remains a need

for validation of these MRI techniques in combined

radiological-histological studies to confirm that the

obtained MRI measures correlate with actual structur-

al microvascular rarefaction. The international

CRUCIAL consortium 149 aims to identify cerebral

microvascular rarefaction using advanced MRI techni-

ques in a population of VCI patients and healthy aged

controls, and will validate these MRI techniques by

scanning and performing histologic examination on

rat brains.
We reviewed the evidence for microvascular rarefac-

tion as an early pathophysiological process in a number

of microvascular brain disorders and normal ageing,

and the value of advanced MRI techniques addressing

different properties of the microvasculature for its

assessment. Although these MRI techniques are prom-

ising to contribute to early diagnostic information and

to be used for monitoring treatment response in micro-

vascular brain disorders in the future, these techniques

are still emerging and do not provide disease specific

information. More clinical studies, preferably longitu-

dinal, are needed in large patient populations with var-

ious brain disorders as well as in aging.
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98. Knutsson L, Ståhlberg F and Wirestam R. Absolute

quantification of perfusion using dynamic susceptibility

contrast MRI: pitfalls and possibilities. Magma 2010;

23: 1–21.
99. Willats L and Calamante F. The 39 steps: evading error

and deciphering the secrets for accurate dynamic suscep-

tibility contrast MRI. NMR Biomed 2013; 26: 913–931.
100. Tropr�es I, Pannetier N, Grand S, et al. Imaging the

microvessel caliber and density: Principles and applica-

tions of microvascular MRI. Magn Reson Med 2015; 73:

325–341.
101. Speck O, Chang L, DeSilva NM, et al. Perfusion MRI

of the human brain with dynamic susceptibility contrast:

gradient-echo versus spin-echo techniques. J Magn

Reson Imaging 2000; 12: 381–387.
102. Eskildsen SF, Gyldensted L, Nagenthiraja K, et al.

Increased cortical capillary transit time heterogeneity

in Alzheimer’s disease: a DSC-MRI perfusion study.

Neurobiol Aging 2017; 50: 107–118.
103. Chen W, Song X, Beyea S, et al. Advances in perfusion

magnetic resonance imaging in Alzheimer’s disease.

Alzheimers Dement 2011; 7: 185–196.
104. Hauser T, Sch€onknecht P, Thomann PA, et al. Regional

cerebral perfusion alterations in patients with mild cog-

nitive impairment and Alzheimer disease using dynamic

susceptibility contrast MRI. Acad Radiol 2013; 20:

705–711.
105. Arba F, Mair G, Carpenter T, et al. Cerebral white

matter hypoperfusion increases with small-vessel disease

burden. Data from the third international stroke trial.

J Stroke Cerebrovasc Dis 2017; 26: 1506–1513.
106. Wong SM, Jansen JFA, Zhang CE, et al. Blood-brain

barrier impairment and hypoperfusion are linked in

cerebral small vessel disease. Neurology 2019; 92:

e1669–e1677.
107. Kiselev VG, Strecker R, Ziyeh S, et al. Vessel size imag-

ing in humans. Magn Reson Med 2005; 53: 553–563.
108. Chakhoyan A, Yao J, Leu K, et al. Validation of vessel

size imaging (VSI) in high-grade human gliomas using

magnetic resonance imaging, image-guided biopsies,

and quantitative immunohistochemistry. Sci Rep 2019;

9: 2846.

109. Kellner E, Breyer T, Gall P, et al. MR evaluation of
vessel size imaging of human gliomas: Validation by

histopathology. J Magn Reson Imaging 2015; 42:
1117–1125.

110. Choi HI, Ryu CW, Kim S, et al. Changes in microvas-
cular morphology in subcortical vascular dementia: a

study of vessel size magnetic resonance imaging. Front
Neurol 2020; 11: 545450.

111. Sourbron SP and Buckley DL. Classic models for
dynamic contrast-enhanced MRI. NMR Biomed 2013;

26: 1004–1027.
112. Thrippleton MJ, Backes WH, Sourbron S, et al.

Quantifying blood-brain barrier leakage in small vessel
disease: Review and consensus recommendations.

Alzheimers Dement 2019; 15: 840–858.
113. Thrippleton MJ. MRI measurement of blood-brain bar-

rier leakage: minding the gaps. J Physiol 2019; 597:

667–668.
114. Zhang CE, Wong SM, van de Haar HJ, et al. Blood-

brain barrier leakage is more widespread in patients

with cerebral small vessel disease. Neurology 2017; 88:
426–432.

115. Freeze WM, Jacobs HIL, de Jong JJ, et al. White matter
hyperintensities mediate the association between blood-

brain barrier leakage and information processing speed.
Neurobiol Aging 2020; 85: 113–122.

116. van de Haar HJ, Burgmans S, Jansen JF, et al. Blood-
Brain barrier leakage in patients with early Alzheimer

disease. Radiology 2016; 281: 527–535.
117. Verheggen ICM, de Jong JJA, van Boxtel MPJ, et al.

Increase in blood-brain barrier leakage in healthy, older
adults. Geroscience 2020; 42: 1183–1193.

118. Haller S, Zaharchuk G, Thomas DL, et al. Arterial spin

labeling perfusion of the brain: Emerging clinical appli-
cations. Radiology 2016; 281: 337–356.

119. Grade M, Hernandez Tamames JA, Pizzini FB, et al.
A neuroradiologist’s guide to arterial spin labeling

MRI in clinical practice. Neuroradiology 2015; 57:
1181–1202.

120. Alsop DC, Detre JA, Golay X, et al. Recommended
implementation of arterial spin-labeled perfusion MRI

for clinical applications: a consensus of the ISMRM
perfusion study group and the european consortium

for ASL in dementia. Magn Reson Med 2015; 73:
102–116.

121. van Osch MJ, Teeuwisse WM, van Walderveen MA,
et al. Can arterial spin labeling detect white matter per-

fusion signal? Magn Reson Med 2009; 62: 165–173.
122. van Osch MJ, Teeuwisse WM, Chen Z, et al. Advances

in arterial spin labelling MRI methods for measuring
perfusion and collateral flow. J Cereb Blood Flow

Metab 2018; 38: 1461–1480.
123. Dickie BR, Parker GJM and Parkes LM. Measuring

water exchange across the blood-brain barrier using
MRI. Prog Nucl Magn Reson Spectrosc 2020; 116:

19–39.
124. Sleight E, Stringer MS, Marshall I, et al.

Cerebrovascular reactivity measurement using magnetic
resonance imaging: a systematic review. Front Physiol

2021; 12: 643468.

736 Journal of Cerebral Blood Flow & Metabolism 42(5)



125. Zhang N, Gordon ML and Goldberg TE. Cerebral

blood flow measured by arterial spin labeling MRI at

resting state in normal aging and Alzheimer’s disease.

Neurosci Biobehav Rev 2017; 72: 168–175.
126. Dolui S, Li Z, Nasrallah IM, et al. Arterial spin labeling

versus (18)F-FDG-PET to identify mild cognitive

impairment. Neuroimage Clin 2020; 25: 102146.
127. Brickman AM, Zahra A, Muraskin J, et al. Reduction

in cerebral blood flow in areas appearing as white

matter hyperintensities on magnetic resonance imaging.

Psychiatry Res 2009; 172: 117–120.
128. Promjunyakul N, Lahna D, Kaye JA, et al.

Characterizing the white matter hyperintensity penum-

bra with cerebral blood flow measures. Neuroimage Clin

2015; 8: 224–229.
129. Zhang N, Gordon ML, Ma Y, et al. The age-related

perfusion pattern measured with arterial spin labeling

MRI in healthy subjects. Front Aging Neurosci 2018;

10: 214.
130. Hu Y, Lv F, Li Q, et al. Effect of post-labeling delay on

regional cerebral blood flow in arterial spin-labeling

MR imaging. Medicine (Baltimore) 2020; 99: e20463.
131. Le Bihan D, Breton E, Lallemand D, et al. MR imaging

of intravoxel incoherent motions: application to diffu-

sion and perfusion in neurologic disorders. Radiology

1986; 161: 401–407.
132. Le Bihan D, Breton E, Lallemand D, et al. Separation

of diffusion and perfusion in intravoxel incoherent

motion MR imaging. Radiology 1988; 168: 497–505.
133. Le Bihan D and Turner R. The capillary network: a link

between IVIM and classical perfusion.Magn Reson Med

1992; 27: 171–178.
134. Wong SM, Zhang CE, van Bussel FC, et al.

Simultaneous investigation of microvasculature and

parenchyma in cerebral small vessel disease using intra-

voxel incoherent motion imaging. Neuroimage Clin

2017; 14: 216–221.
135. Pavilla A, Arrigo A, Mejdoubi M, et al. Measuring cere-

bral hypoperfusion induced by hyperventilation chal-

lenge with intravoxel incoherent motion magnetic

resonance imaging in healthy volunteers. J Comput

Assist Tomogr 2018; 42: 85–91.
136. Jansen JF, Wong SM and Backes WH. IVIM MRI: a

window to the pathophysiology underlying cerebral

small vessel disease. In: Bihan DL, Iima M, Federau

G, Sigmund EE (eds) Intravoxel incoherent motion

(IVIM) MRI. Singapore: Jenny Stanford Publishing,

2018, pp.85–98.

137. van Bussel FC, Backes WH, Hofman PA, et al. On the
interplay of microvasculature, parenchyma, and
memory in type 2 diabetes. Diabetes Care 2015; 38:
876–882.

138. Bergamino M, Nespodzany A, Baxter LC, et al.
Preliminary assessment of intravoxel incoherent
motion Diffusion-Weighted MRI (IVIM-DWI) metrics
in Alzheimer’s disease. J Magn Reson Imaging 2020; 52:
1811–1826.

139. van der Thiel MM, Freeze WM, Verheggen ICM, et al.
Associations of increased interstitial fluid with vascular
and neurodegenerative abnormalities in a memory clinic
sample. Neurobiology of Aging 2021; 106: 257–267.

140. Vieni C, Ades-Aron B, Conti B, et al. Effect of intra-
voxel incoherent motion on diffusion parameters in
normal brain. Neuroimage 2020; 204: 116228.

141. Paschoal AM, Leoni RF, Dos Santos AC, et al.
Intravoxel incoherent motion MRI in neurological and
cerebrovascular diseases. Neuroimage Clin 2018; 20:

705–714.
142. Thiel S, Gaisl T, Lettau F, et al. Impact of hypertension

on cerebral microvascular structure in CPAP-treated
obstructive sleep apnoea patients: a diffusion magnetic
resonance imaging study. Neuroradiology 2019; 61:
1437–1445.

143. Elschot EP, Backes WH, Postma AA, et al. A compre-
hensive view on MRI techniques for imaging Blood-
Brain barrier integrity. Invest Radiol 2021; 56: 10–19.

144. Wong SM, Backes WH, Drenthen GS, et al. Spectral
diffusion analysis of intravoxel incoherent motion MRI
in cerebral small vessel disease. J Magn Reson Imaging

2020; 51: 1170–1180.
145. Shi Y, Thrippleton MJ, Makin SD, et al. Cerebral blood

flow in small vessel disease: a systematic review and
Meta-analysis. J Cereb Blood Flow Metab 2016; 36:
1653–1667.

146. Chiaravalloti A, Fiorentini A, Francesco U, et al. Is
cerebral glucose metabolism related to blood-brain bar-
rier dysfunction and intrathecal IgG synthesis in
Alzheimer disease?: a 18F-FDG PET/CT study.
Medicine (Baltimore) 2016; 95: e4206.

147. Nelis P, Kleffner I, Burg MC, et al. OCT-Angiography
reveals reduced vessel density in the deep retinal plexus
of CADASIL patients. Sci Rep 2018; 8: 8148.

148. Jahng GH, Li KL, Ostergaard L, et al. Perfusion mag-
netic resonance imaging: a comprehensive update on
principles and techniques. Korean J Radiol 2014; 15:
554–577.

149. CRUCIAL project, https://www.crucial-project.eu/.

van Dinther et al. 737

https://www.crucial-project.eu/

	table-fn1-0271678X221076557
	table-fn2-0271678X221076557

