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A Comprehensive View on MRI Techniques for Imaging
Blood-Brain Barrier Integrity

Elles P. Elschot, MSc,*† Walter H. Backes, PhD,*†§ Alida A. Postma, MD, PhD,*†
Robert J. van Oostenbrugge, MD, PhD,†‡§ Julie Staals, MD, PhD,‡§
Rob P.W. Rouhl, MD, PhD,†‡¶ and Jacobus F.A. Jansen, PhD*†||

Abstract: The blood-brain barrier (BBB) is the interface between the blood and
brain tissue, which regulates the maintenance of homeostasis within the brain.
Impaired BBB integrity is increasingly associated with various neurological dis-
eases. To gain a better understanding of the underlying processes involved in
BBB breakdown, magnetic resonance imaging (MRI) techniques are highly suit-
able for noninvasive BBB assessment. Commonly usedMRI techniques to assess
BBB integrity are dynamic contrast-enhanced and dynamic susceptibility con-
trast MRI, both relying on leakage of gadolinium-based contrast agents. A num-
ber of conceptually different methods exist that target other aspects of the BBB.
These alternative techniques make use of endogenous markers, such as water
and glucose, as contrast media. A comprehensive overview of currently available
MRI techniques to assess the BBB condition is provided from a scientific point of
view, including potential applications in disease. Improvements that are required
to make these techniques clinically more easily applicable will also be discussed.

Key Words: blood-brain barrier, magnetic resonance imaging, permeability,
perfusion, neurodegenerative disorders, water exchange, glucoCEST

(Invest Radiol 2021;56: 10–19)

Rationale
In the last decade, a growing number of neurological conditions

have been found to relate to an impaired integrity of the blood-brain bar-
rier (BBB).1 To elucidate the role of the BBB in these diseases, robust,
ideally noninvasive, in vivo methods are required that can measure even
subtle changes and enable assessment of BBB disruption.Magnetic res-
onance imaging (MRI) provides a unique opportunity to noninvasively
assess BBB impairment in various ways, as a number of conceptually
different techniques have become available.2

The BBB is a physical barrier and functional interface between
vasculature and parenchyma within the brain. By strictly regulating
the transport of molecules from the capillaries into the neuronal tissue,
and vice versa, the BBB is involved in the homeostasis maintenance of
the central nervous system (CNS). Physically, the BBB mainly consists
of endothelial cells that are connected via tight junctions, forming the
walls of the capillaries in the brain.3 Transcellular transport over these

capillary walls depends on the type of molecule and is controlled via
passive diffusion, endothelial carrier proteins, and (receptor-mediated)
transcytosis.4

Impaired BBB integrity brings the CNS homeostasis out of bal-
ance, which may be because of or in response to pathological conditions
in the brain. Alterations in transcellular transport, mainly caused by the
disruption of tight junctions, lead to restricted removal of waste prod-
ucts. In addition, this allows possible extravasation of blood borne com-
ponents leading to toxic levels in the brain tissue. The inflammatory
response then eventually may lead to neuronal dysfunction.5 This en-
sures that alteration of the BBB permeability plays a crucial role in
many diseases, including ischemic and hemorrhagic stroke, cerebral
small vessel disease (cSVD), and brain cancer. Blood-brain barrier im-
pairment is also considered as an early contributing factor to dysfunc-
tion of various processes involved in neurodegenerative disorders
such as Alzheimer disease (AD) and multiple sclerosis (MS). In many
cases, it is not clear whether BBB impairment is the cause or an effect
of the disorder. Blood-brain barrier imaging has shown potential to bet-
ter understand underlying processes in disorders such as stroke, cSVD,
and AD.6–8 Therefore, the assessment of BBB impairment through im-
aging is of mechanistic and clinical importance.

The evaluation of BBB integrity for research purposes is com-
monly performed using MRI techniques that require administration
of contrast agent (CA).9 It is the passive diffusion of a small molecular
CA through the impaired BBB that is used as the detection mechanism.
Two techniques that use a gadolinium-based CA are dynamic contrast-
enhanced (DCE)10 and dynamic susceptibility contrast (DSC) MRI.11,12

Dynamic contrast-enhanced MRI tracks the CA-induced signal changes
on dynamic T1-weighted images, which makes it possible to obtain BBB
permeability measures. Dynamic susceptibility contrast MRI measures
(T2-weighted or) T2*-weighted signal changes to evaluate brain perfusion
properties. Other techniques that apply different contrast mechanisms, for
example, using water exchange for assessment of BBB integrity13 or the
use of D-glucose to quantify the role of BBB integrity in the cerebral energy
metabolism,14 show possible value and target different features of BBB
transport. Because these techniques do not make use of exogenous para-
magnetic CA, ofwhich the safety has recently become of concern, imaging
modalities without CA become more and more of interest.15,16 In addition
to a variety of new contrast mechanisms, methods are continuously being
improved to increase the sensitivity to subtle leakage and shorten scan times.

In this review, currently available MRI techniques and new de-
velopments for imaging of BBB integrity are explained from a scientific
point of view. In addition, attention is being paid to current studies on po-
tential applications in several diseases and required improvements to
make the techniques clinically more feasible are discussed.

Available MRI Methods
In this section, we will discuss the available MRI methods and

their applications in more details. For an overview, please refer to Table 1.

Dynamic Contrast-Enhanced Imaging
The most used technique to measure BBB impairment is DCE-

MRI. The technique makes use of a gadolinium-based contrast bolus
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administration, after which a dynamic series of T1-weighted scans is ac-
quired over time. Because of the T1 shortening effect of gadolinium, the
concentration of CA can be obtained by assessing the signal intensity
increases over time.

Considering the size and chemical structure, a gadolinium CA
cannot pass the BBB in a healthy brain with intact BBB. However,
when the integrity of the BBB is lost, degraded tight junctions make
it possible for the CA to extravasate through the BBB (Fig. 1A). The ac-
cumulation of CA in the tissue's interstitial (ie, extravascular extracellu-
lar space [EES]) space will lead to increased T1-weighted signal
intensity. Combining the tissue enhancement curves and blood supply
of the CA by using pharmacokinetic model computations, the volume
transfer constant Ktrans as a surrogate measure of BBB permeability
can be determined.21

Dynamic contrast-enhanced MRI is the only imaging technique
currently available that allows for a direct assessment of BBB leakage
and is sensitive for subtle leakage out of brain capillaries into the paren-
chyma. Nevertheless, to assess subtle and slow leakage, long measure-
ments (>15 minutes) are usually required.22 Reducing scan time to be
suitable for a clinical setting while preserving sensitivity to subtle leak-
age is a point of attention for future research.

For the quantification of BBB leakage, pharmacokinetic model-
ing is generally used, in which the transfer rate is calculated by
correcting for the supply of CA through the blood stream. For tumors,
MS lesions, and infarctions, a 2-compartment model is commonly used,
where the influx and backflux of the CA is considered to describe the
exchange of the CA between blood and the interstitial space inside
the tissue.21,23 However, for subtle leakage of CA into nonlesional

FIGURE 1. A, A representation of CA distribution when the BBB is intact versus impaired. When the BBB is intact (lower blood vessel), the CA can only
interact with intravascular water (red arrow) resulting in minor signal changes. However, if the BBB is disrupted (top blood vessel, black triangles), the
CA can interact with thewater within the extravascular space (red arrow), substantially decreasing tissues T1 and increasing T1-weighted signal measured
usingDCE-MRI (B). The compartmentalization of CA in blood (lower blood vessel) or in the extravascular extracellular space (top blood vessel) gives rise
tomesoscopicmagnetic field gradients surrounding these compartments (as denoted by the asterisks). Diffusion ofwater through these fields (small black
arrows) decreases (T2- weighted or) T2*-weighted signal, which can be measured using DSC-MRI (C). Obtained from Quarles et al.11
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tissue, the influx is very slow, the backflux can be ignored, and the
graphical Patlak approach provides the most suitable leakage values.24

The sensitivity to detect subtle BBB leakage relies on the ability
to detect low concentrations of gadolinium. Apart from the type of pulse
sequence and signal-to-noise ratio, the change in relaxation rate deter-
mines the level of lowest detectable concentration. Because the r1 and
r2 relaxivity values of gadolinium-based CAs are approximately equal
and the native R1 relaxation rate of brain tissue is much lower than R2,
T1-weighted pulse sequences ought to be much more sensitive to mea-
sure subtle BBB leakage than T2-weighted pulse sequences.

Dynamic Susceptibility Contrast Perfusion Imaging
Also DSC-MRI relies on the administration of a paramagnetic

CA. However, this technique uses T2-weighted or mostly T2*-weighted
scans, which are sensitive to reductions in signal intensity caused by the
magnetic susceptibility effects induced by relatively high concentra-
tions of the CA in the blood stream (Fig. 1B). However, the T2* signal
changes induced by the paramagnetic CA particles inside the blood ves-
sel are not only confined in the blood space but extend somewhat to the
region adjacent but outside the blood vessels (blooming effect). To ob-
tain brain perfusionmeasures, the first-pass of the contrast bolus ismea-
sured using rapid imaging sequences. The short scan duration is one of
the main advantages of DSC-MRI.

With hemodynamic modeling, the blood perfusion parameters
cerebral blood volume (CBV), cerebral blood flow (CBF), and mean
transit time (MTT) can be calculated from the DSC-MRI data by com-
putational deconvolution methods applied to the tissue enhancement
curve using the arterial blood concentration as input. Measurements
of DSC perfusion have shown to be affected by extravasation of CA.
Usually, the gadolinium concentration leaked into the parenchyma is
very low and does not contribute to the T2 or T2* signal decreases,
but in turn, it reverses the signal to an increase (T1 shine-through effect)
and therefore contaminates the intended perfusion signal, especially at
later time points after the first-pass peak.25–27 These effects influence
the temporal dynamics of DSC-MRI signal, disturbs the linear behavior
of CA relative to the relaxation rate, and results in an overestimation of
CBF and CBV.28,29 Image postprocessing methods have been proposed
to compensate for the effects of CA leakage to the signal, of which the
method by Weisskoff et al30 is most commonly used. This method sub-
tracts the contribution of CA leakage from T1 enhancement by a linear
fitting model.27

In some studies, additional DSCmeasures have been interpreted
as a measure for BBB permeability.31–33 However, the reliability of this
assumption has been questioned. Skinner et al34 demonstrated a lack of
correlation between the permeability measure (Ktrans) and perfusion
measures (Ka and K2). Nevertheless, the volume transfer constant
(Ktrans) and EES volume fraction (ve) obtained with DSC-MRI were
previously shown to be comparable with the same parameters obtained
with DCE-MRI.35 It has to be considered though that these data were
acquired in brain tumors where substantial leakage manifests. Whether
DSC-MRI can also be applied to measure low concentration levels in
pathologies where subtle leakage occurs is not yet known. To be able
to correctly draw conclusions from BBB permeability parameters ob-
tained from DSC-MRI, validation studies have to be performed. Never-
theless, detection of first-pass leakage to obtain perfusion parameters is
of clinical value in therapy where strong leakage is expected, such as
stroke and brain tumors.

Glucose Chemical Exchange Saturation Transfer
Imaging/Dynamic Glucose-Enhanced Imaging

A recent innovation is the use of D-glucose as CA for MRI.
D-Glucose is an endogenous metabolite and therefore biodegradable.
Because glucose is the main energy source of the brain, examining glu-
cose metabolism can give insight into the cerebral energymetabolism.36

After D-glucose bolus administration, the D-glucose signal can be mea-
sured over time using dynamic glucose-enhanced (DGE) MRI.

Detection of the signal is performed using chemical exchange
saturation transfer (CEST) MRI, and therefore, the technique is also
known as glucose chemical exchange saturation transfer (glucoCEST).
The techniquemakes use of a frequency-selective radiofrequency pulse,
saturating the protons from a molecule of interest. By looking at the ex-
change of saturated protons with protons from water molecules, the
CEST signal can be obtained. Using this method, low concentrations
of specific molecules can be measured, which cannot be detected by
conventional MRI techniques. With 5 hydroxyl groups, the D-glucose
molecule is well suited to be excited and measured with CEST-MRI
(Fig. 2). By saturating the protons of the hydroxyl groups at a resonance
frequency of 1.2 ppm, the exchange with bulk water protons can be de-
termined, indirectly measuring the glucose metabolism.

Compared with gadolinium-based CAs, D-glucose not only en-
ters the brain via diffusion through the impaired tight junctions but also
passes the BBB actively via the GLUT1 glucose transporter protein.38

This entails a higher sensitivity of glucoCEST compared with
gadolinium-based CA, and along with the smaller molecular weight
of D-glucose compared with gadolinium compounds, this technique
might be more sensitive to subtle leakage through an impaired BBB
compared withDCE-MRI. Also, improved detection of BBB disruption
might be feasible, although the influx by BBB transport needs to be bal-
anced to the metabolic need of glucose. In addition, this technique
carries lower safety risk and can be quantitatively validated by positron
emission tomography (PET) using radioactively fluorine-labeled
2-deoxy-D-glucose (18F-FDG).39

Xu et al40 was the first to translate glucoCEST MRI to humans
at a field strength of 7 T. The first results of recent studies at the clinical
field strength of 3 T demonstrate the presence of glucoCESTenhance-
ment in lesions of MS patients that were also found enhanced by
DCE-MRI scans, indicating that glucose could possibly function as a
CA for detection of BBB impairment in MS.41 In some patients, where
no gadolinium enhancement was observed, DGE enhancement was
present, suggesting DGE-MRI to be more sensitive than DCE-MRI to
BBB disruption, inflammation, or increased metabolic activity. However,
the lower the field strength, the closer the saturation frequency of the hy-
droxyl protons comes to the resonance frequency of water (chemical shift
reduces). It will therefore be more difficult to selectively saturate only the
hydroxyl protons, which results in a background signal caused by direct
water saturation and reduces the sensitivity of the technique.40 To reduce
this sensitivity loss, B0-shimming is of high importance, and advanced
MR hardware (with high power) is needed to apply a sufficiently selec-
tive radiofrequency pulse.

Arterial Spin Labeling
A large amount of transport pathways is involved in the ex-

change of water across the BBB (Fig. 3A). Measuring water exchange
might lead to an interesting marker for detection of BBB impairment
and can be performed by using arterial spin labeling (ASL). The tech-
nique might be sensitive to a wide range of BBB pathologies, because
water is transported across the BBB by both passive and active diffusion
mechanisms and is likely to be detectable at more subtle transfer rates
because of the much smaller molecular weight and size of a water mol-
ecule compared with gadolinium CAs.13

Arterial spin labeling makes use of magnetic labeling (inverting
the magnetization) of the incoming blood.13 After magnetic labeling,
the magnetic spins flow through the brain into the imaging plane for a
period defined by the postlabeling delay time. The signal difference be-
tween the 2 images obtained before and after the labeling of the
inflowing blood represents the ASL signal. The location of the tagged
magnetization can then be measured as a function of time, because of
the differences in relaxation times and diffusivity between the
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intravascular and extravascular space compartments. Simultaneously,
the labeled protons exchange the magnetization with the spins of bulk
water, making it possible to measure the water exchange rates between
the 2 compartments.With the knowledge of the fractional blood volume
(vb) and the exchange rate of water from blood to brain (kin), the perme-
ability surface area product of the BBB towater (PSw) can be calculated
(Fig. 3B).

The relatively small differences in T1 relaxation time between
blood and brain tissue and the involvement of location specific diffu-
sion properties make the obtained ASL signal complicated. For all
ASL-based measurements of water exchange, preknowledge of the ar-
terial transit time (ATT) is needed, because the magnetic labeling is ap-
plied some time before the excitation of the imaging plane with the
tissue of interest. In addition to the inflowing blood, the water signal

FIGURE 2. Schematic explanation of the principles underlying glucoCEST. A, Glucose and water pools are brought out of equilibrium by a saturation
pulse at the resonance frequency of the molecule specific hydroxyl group (red). Proton exchange between the glucose hydroxyl groups and water
reduces the measured signal. B, The CEST signal is usually expressed in a so-called Z-spectrum, where the water signal is measured as a function of
saturation pulse frequency. The asymmetric magnetization transfer ratio (MTRasym) is obtained by the difference signal of both sides of the water peak,
centered at 0 ppm, representing the glucoCEST enhancement (GCE). Obtained from Walker-Samuel et al.37

FIGURE 3. A,Water movement over the BBB interface can occur through various transport pathways fromblood to brain or vice-versa, and therefore has
the potential to be altered in a range of BBB pathologies. B, Using multiple compartment modeling approaches measures as the water exchange rate
(kin) and permeability surface area product to water (PSw) can be obtained. Obtained from Dickie et al.13
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of the circulating cerebrospinal fluid (CSF) in the perivascular spaces
will contribute to the ASL signal, making it difficult to trace whether
the water signal measured is purely diffusion over the BBB.

Various methods have been developed to assess the water ex-
change across the BBB combining standard ASLwith other magnetiza-
tion preparation methods such as T2, diffusion, or magnetic transfer
weighting.42–44 A combination of techniques might contribute to a bet-
ter understanding of the influence of T1, T2, and diffusion effects from
the multiple compartments on the permeability quantities (kin and PSw).
Improved multicompartment modeling approaches might be able to ex-
tract the water exchange signal because of the clearance system from
the total signal to obtain only water exchange measures originating
from the BBB.13

The potentially large sensitivity of this technique has already been
proven in preclinical studies. Tiwari et al45 performed BBB permeability
assessment with ASL and DCE simultaneously. This resulted in earlier
detection of subtle BBB leakage and a higher level of measured BBB
leakage compared with standard DCE-MRI.45 Also, the study of Dickie
et al46 detected BBB breakdown in a rat model of AD using ASL, whereas
no leakage could be detected with DCE-MRI. At this moment, the method
developed byWang et al43 provides the most robust assessment of cerebral
perfusion in humans without the use of CA administration.

Intravoxel Incoherent Motion Imaging
Microcirculatory blood-flow can be studied using intravoxel in-

coherent motion (IVIM) imaging. For this technique, no contrast ad-
ministration is needed as it is based on diffusion-weighted imaging
methods. Diffusion-weighted imaging makes use of the free and re-
stricted random motion of water molecules.47 The movement of free
water in fluid is called thermal motion, caused by the influence of tem-
perature, fluid viscosity, and molecular diffusivity. For water molecules
inside capillaries, this motion is restricted by the vessel wall. These wa-
ter molecules will flow along with the bloodstream in the network of
capillaries, which is termed pseudodiffusion. In IVIM imaging, these
2 different types moving water molecules are separated by describing
the signal in a biexponential model. This way, parameters for parenchy-
mal diffusivity (D), intravascular pseudodiffusivity (D*), and blood
volume perfusion fraction (f ) can be obtained.48 Although these param-
eters are not direct measures of BBB permeability, the microvascular
metrics f and D* are perfusion-related and therefore thought to provide
information about BBB integrity. For example, a preclinical compari-
son study with DCE-MRI in an oncology setting demonstrated moder-
ate agreement between f and Ktrans.49 Whether this relationship also
holds in subtle BBB leakage remains to be investigated.

MRI Studies to Detect BBB Impairment in Disease

Acute Stroke
Hemorrhagic stroke is caused by vessel rupture, which goes to-

gether with a disrupted BBB. An altered BBB integrity after stroke
can express itself in several ways and is related to the severity of the
condition.50 In ischemic stroke, the BBB gets disrupted because of
the oxidative stress shortly after onset of ischemia. Disruption of tight
junctions is the major cause of increased BBB permeability after stroke,
allowing water to flow into the extravascular space to form edema.
Edema can also accumulate in the presence of an intact BBB because
of imbalance of active transport mechanisms.51,52

To measure increases in BBB permeability because of stroke,
DCE-MRI is the most sensitive clinically applied technique.53–55 Be-
cause DCE-MRI is able to detect subtle leakage, it has potential in early
determination of appropriate treatments and monitoring of therapeutic
effects. Prediction of pathological consequences after stroke, such as
hemorrhagic transformation and poststroke epilepsy, might become
possible using DCE-MRI.56,57 Dynamic glucose-enhanced and water

exchange imaging techniques are potential applications for the detec-
tion of early alterations in active transport over the BBB, because these
methods are able to specifically measure active transport mechanisms
and might be more sensitive than DCE-MRI early in the pathologic cas-
cade.Water exchange imaging using a diffusion-weighted ASLmethod
was shown to be sensitive to BBB permeability increases in an ischemic
stroke rat model, which was confirmed by simultaneous DCE
imaging.45

An alternative method to obtain microvascular perfusion and dif-
fusion information in ischemic stroke patients is IVIM.58 Edema leads
to a decrease of Brownian motion and diffusion space in the extracellu-
lar space, which may result in a reduction of D*, f, and also the product
fD*.59–61 The effect of diffusion restriction of water molecules also en-
ables to determine the core and penumbra region.62 Although IVIM
does not directly refer to BBB permeability, detection of impaired mi-
crocirculation inside the ischemic tissue and the penumbra might be
helpful in explaining pathological conditions during stroke and might
function as a marker of stroke severity at baseline.63,64

Caution is needed when interpreting IVIM parameters in stroke,
because assumptions made in modeling approaches might no longer be
valid in pathologic tissue, where pathophysiological processes vary over
time.60 The microvascular compartment might be impaired in stroke,
and acute tissue swelling in early stages of stroke might affect the ob-
tained measures.

Cerebral Small Vessel Disease
Cerebral small vessel disease is a term covering multiple pathol-

ogies of the small vessels in the brain, and BBB impairment is a feature
in all variants of this disease.8 Dynamic contrast-enhancedMRI has been
identified as the most sensitive technique for cSVD to determine the sub-
tle BBB leakage.17,65 Because of the small vessel size and subtle leakage
rate, quantitative measurements for this purpose using DSC-MRI are
challenging.8

Water exchange imaging is a promising venue in cSVD research.
The fact that no CA is needed makes it sensitive to low BBB permeabil-
ity, because the size and molecular weight of water is smaller compared
with gadolinium. Shao et al66 performed diffusion-weighted ASL imag-
ing to measure water exchange in patients with high risk for cSVD and
showed that BBB water permeability could function as an early bio-
marker for cSVD.

Cerebral small vessel disease patients are known to have alter-
ations in the brain microvasculature and also the parenchyma. There-
fore, IVIM might be a useful imaging technique in cSVD. A first
study in cSVD patients using IVIM was performed by Wong et al,67

where interestingly an increase in perfusion fraction was observed.
The same effect was found in a study where IVIM was used to assess
the hippocampal microvasculature in patients with type 2 diabetes, a
known risk factor for cSVD.68 Possible explanations could be vasodila-
tion of the microvessels, enlarged perivascular spaces, increased vessel
tortuosity, or reduced BBB integrity. More research is needed to gain a
better understanding of the complex microenvironment and the contri-
bution of blood and other brain fluids to these results.

Alzheimer Disease
Cerebrovascular impairment seems to play a major role in the de-

velopment of AD.69 Subtle BBB leakage already occurs at early-onset
AD, so sensitive imaging techniques are needed to be able to measure
BBB permeability changes early in AD.7,70 Dual-time resolution DCE
imaging has been shown to measure subtle leakage in the cortical gray
matter of patients with early AD.71

Impairment of the BBB initiates multiple proinflammatory and
cytotoxic events involved in AD, such as alterations in the clearing
mechanisms of the brain. This might contribute to the accumulation
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of amyloid beta peptides, which is one of the hallmarks of AD.72 Am-
yloid beta also reduces the expression of glucose transporters at the
BBB, even before the onset of AD symptoms.38 In most studies, glu-
cose metabolism in the brain of AD patients is measured using
18F-FDG PET.73–75 Dynamic glucose-enhanced might be an alternative
method to study altered glucose transport over the BBB in AD
pathology.76

The multiple pathological processes involved in AD might also
disturb the role of the BBB in water exchange.77 Water exchange
MRI is therefore another interesting technique for measuring BBB im-
pairment in AD.Multicompartment modeling approaches are needed as
alterations in the cleaning (ie, glymphatic) systemmight also contribute
to the water exchange signal.

Multiple Sclerosis
Impairment of the BBB is increasingly being seen as a valuable

biomarker in MS, because it occurs at the earliest stages of disease.78,79

The inflammatory feature of MS increases the expression of cytokines
on the endothelial cells, which leads to the upregulation of cell adhesion
molecules that facilitate transcellular transport of leukocytes over the
BBB.80 In addition, alterations in the expression of tight junctions in-
crease BBB dysfunction.81

Pathological changes of BBB integrity in MS can be detected
early in disease using DCE-MRI, especially in the normal-appearing
white matter, which is the most prone region to develop MS le-
sions.24,82,83 Furthermore, imaging of glucose transport may func-
tion as a sensitive technique for detection of active MS lesions,
because contrast-enhanced lesions also showed positive DGE sig-
nal.41 However, it should be noted that glucose consumption by leu-
kocytes and macrophages is increased in MS lesions, possibly
resulting in a combined signal of metabolic needs and BBB disrup-
tion. Impaired BBB function also seems to result in reduced water
exchange in relapsing remitting MS patients, which was suggested
to be caused by inactive ion pumps because of alterations in meta-
bolic activity of neurons.84

Primary Brain Tumors and Cerebral Metastasis
The BBB in tumor tissue is also called the blood-tumor barrier

because it has specific characteristics leading to alterations in perme-
ability not only in the brain but also the spinal cord (ie, CNS barrier),
including impaired tight junction complexes and altered expression of
transporter proteins.85 Traditionally, enhancement of brain tumors is
considered to be cause by increased vascular permeability as a result
of BBB breakdown in high-grade tumors in contrast to nonenhancing
low-grade tumors, although more specific molecular markers of tumor
aggressiveness are nowadays used to predict tumor progression and
medical outcome. For low-grade tumors, the BBB also plays an impor-
tant role for the transportation and accumulation of specific proteins.

Impairment of the blood-tumor barrier and the BBB of the sur-
rounding tissue is tumor type specific, and therefore, imaging parame-
ters differ per tumor type.85 This makes DCE and DSC imaging
techniques important in the diagnosis, monitoring of progression, and
prediction of medical outcome in cancer.11

Particular tumor types, for example, breast cancer tumors that
formmetastases in the brain, express more GLUT1 transport proteins.86

Alterations in transcellular transport proteins result in vasogenic
edema. This increases the interest in application of advanced imag-
ing techniques such as glucose and water exchange imaging in brain
cancer. Xu et al87 already measured enhanced glucose levels in the
tumor region using DGE-MRI. Previously, Wang et al88 detected in-
creased water exchange rates compared with healthy tissue in a sin-
gle patient with grade II oligodendroglioma. These first results from

human studies are promising, but much more research is needed to
confirm the conclusions drawn.

Required Future Developments
Improvements of existing MRI techniques and the advent of

new contrast mechanisms to measure BBB integrity (see Table 1) in-
crease the knowledge about the pathophysiological processes under-
lying BBB impairment in various neurological conditions and
diseases. The various techniques are measuring different aspects of
BBB impairment. However, what techniques serve best or add valuable
information for various pathological conditions remains to be shown.
Terms to express BBB integrity are used interchangeably, making inter-
pretation of results somewhat confusing. To correctly interpret measures
obtainedwith different techniques, a more complete understanding of on-
going physiological processes is needed. So far, the only method that can
be used to measure pure BBB permeability is DCE-MRI, because
CA-enhanced T1-weighted signal in brain tissue is directly related to
BBB leakage (after correction of the blood content). By increasing the
scan durations, it should be possible to detect even more subtle levels
of leakage.22 Contrarily, DSC-MRI primarily assesses blood perfusion
rather than permeability. Modeling approaches have been published to
obtain first-pass permeability measures from DSC data. Because many
biological processes are affected in various ways during the time frame
of disease, validation is needed for the use of these models in specific
pathologic conditions. Because of the short scan time of DSC-MRI and
the external influences on the T2/T2*-weighted signal, this technique is
less sensitive compared with DCE-MRI. Alterations in active transport
over the BBB can noninvasively be assessed using DGE-MRI, because
glucose energy metabolism is regulated by GLUT1 transporters. Arterial
spin labeling–based techniques are suitable for a combination of active
and passive transport mechanisms over the BBB, because both water ex-
change facilitated by aquaporins and transcellular water diffusion are
contributing to the ASL signal. Analyzing signal contributions from the
vasculature and parenchyma using IVIM imaging providesmicrovascular
diffusivity measures, possibly linked to BBB integrity. Combining ASL
and IVIMmight also be promising to assess BBB integrity, because intra-
vascular and extravascular water signal could be differentiated, which
might lead to a gain in understanding of diffusion properties.88,89

Assessment of BBB integrity is, beyond stroke and brain tumors,
mostly applied in clinical research settings these days. Techniques that
are ready for implementation in the clinic are DCE-MRI and DSC-
MRI. These techniques might be a valuable tool for assessment of
pathology and prediction of treatment response. However, to make
these techniques applicable for clinical use, some improvements
have to be made. First of all, standardized MRI protocols need to be-
come available for image acquisition and data analysis to be able to
compare studies with large study populations over various sites.8

One of the points of attention in techniques using CAs is the deter-
mination of the optimal dose, timing, portioning, and rate for con-
trast administration.90 Development of commercial software for
image analysis would improve the ease of use for clinicians. Also,
reproducibility studies are needed for longitudinal research to assess
the dynamic nature of the BBB.

Attention should be paid to recent findings in gadolinium-based
CA usage disclosing the entry of CA into the CSF via the glymphatic
pathways through the CNS.91 When infiltration of gadolinium-based
CA into the CSF in any other way than via an impaired BBB can be val-
idated, research on CA-based methods assessing BBB integrity should
also consider these alternative glymphatic pathways.

The techniques described in this review that do not require CA
administration are still in a preliminary phase of development. Further
advances of imaging hardware, such as higher power and improved
B0-shimming methods, are required to provide sufficient sensitivity
and temporal resolution for the use of these techniques in the clinic.
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More studies on human subjects are needed to establish test-retest re-
peatability, and validation of sensitivity to subtle BBB breakdown in pa-
thology has to be proven before standardization.

Validation experiments are hard to perform as no golden “in
vivo” standard is currently available for BBB integrity. An available ap-
plication to obtain a validation measure for BBB integrity is lumbar
puncture for determination of CSF/serum albumin ratio (Qalb).

92 Be-
cause albumin is not synthesized in the brain and cannot pass an intact
BBB, the CSF albumin index is directly related to albumin diffusion
across an impaired BBB. Because of the invasive procedure, this
method is not preferable. A promising application for validation of ac-
tive transport measures over the BBB could be the combination of PET-
MRI,93 as a direct comparison between water exchange or glucose me-
tabolism and activity of corresponding transporters can be made using
PET. Particularly, PET tracers can be detected at extremely low concen-
trations (picomolar ranges), far below the detection limit of gadolinium
with MRI (micromolar ranges). A recent study in AD patients found a
significant correlation between reduced Qalb and decreased levels of
18F-FDG uptake, which might be related to BBB dysfunction, showing
the possible application of PET as a validation technique for BBB
integrity.94

The extended knowledge of BBB status could be used in future
applications, for example, to predict the risk of metastasis or advanced
stages of cerebrovascular disease. Also, the interest in the role of the
BBB in neurological drug uptake is currently increasing.95 The use of
MR-guided focused ultrasound techniques yielding targeted BBB dis-
ruption might improve drug delivery to the brain.96 Other topics of in-
terest for future research could be the effect of healthy aging on the
BBB,97 linking cognition to BBB integrity, and assessment of BBB
characteristics of the normal-appearing tissue surrounding the tumor.

This review has demonstrated the value of advanced MRI tech-
niques for the assessment of BBB integrity in pathology. A number of
emergingMRI techniques that address properties of the BBB impairment
in different ways become available. Although processes involved in im-
paired BBB integrity are becoming clearer, there are still many knowl-
edge gaps to be filled in. By expanding the possibilities for imaging
techniques to assess the BBB, additional insights might be obtained, con-
tributing to a better understanding of BBB impairment in brain disease.
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