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The blood—-brain barrier (BBB) is the neurovascular structure that regulates the
passage of cells and molecules to and from the central nervous system (CNS).
Alzheimer's disease (AD) is a neurodegenerative disorder that is associated with
gradual breakdown of the BBB, permitting entry of plasma-derived neurotoxins,
inflammatory cells, and microbial pathogens into the CNS. BBB permeability can
be visualized directly in AD patients using imaging technologies including dynamic
contrast-enhanced and arterial spin labeling magnetic resonance imaging, and
recent studies employing these techniques have shown that subtle changes in
BBB stability occur prior to deposition of the pathological hallmarks of AD, senile
plaques, and neurofibrillary tangles. These studies suggest that BBB disruption
may be useful as an early diagnostic marker; however, AD is also accompanied
by neuroinflammation, which can complicate these analyses. This review will
outline the structural and functional changes to the BBB that occur during AD
pathogenesis and highlight current imaging technologies that can detect these
subtle changes. Advancing these technologies will improve both the diagnosis
and treatment of AD and other neurodegenerative diseases.

aging, inflammation, magnetic resonance imaging, neurodegenerative diseases,
neurovascular

1. Introduction

The microenvironment of the brain and central nervous system (CNS) is tightly regulated
by the blood-brain barrier (BBB), a physiological barrier between the peripheral blood
circulation and the brain parenchyma (Engelhardt, 2003). The BBB is a complex, semipermeable
neurovascular system that controls the movement of gases, ions, and other molecules essential
for brain function, and mediates the clearance of metabolic waste products from the brain
(Daneman and Prat, 2015). As it has a significant role in restricting the entry of blood-derived
neurotoxins, pathogens, and other damaging components from the peripheral vasculature into
the brain, there is ongoing investigation into the interplay between BBB permeability and
neurodegeneration (Daneman and Prat, 2015; Sweeney et al., 2018).

Given its importance in proper brain function, studies regarding the loss of BBB integrity
and associations with neurodegenerative diseases including Alzheimer’s disease (AD) are
becoming more prevalent. Studies suggest that physiological modifications in the cerebral
vasculature may contribute to AD pathology and cognitive decline prior to clinically detectable
changes in amyloid beta (Ap) and tau, diagnostic biomarkers of AD (Sweeney et al., 2018, 2019).
Identifying disease-specific patterns of BBB permeability may allow it to serve as a potential
biomarker for AD and other neurological disorders as well as a targetable therapeutic.
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Blood-brain barrier permeability is commonly measured through
the ratio of serum to albumin present in cerebrospinal fluid (CSF),
with albumin increasing with BBB permeability; however, changes in
albumin may not be detectable in prodromal AD and cannot identify
specific pathological brain states or localize BBB leakage (Janelidze
etal., 2017; Raja et al., 2018; Sweeney et al., 2018, 2019; Erickson and
Banks, 2019; Varatharaj et al., 2019; Galea, 2021; Hussain et al., 2021).
Furthermore, obtaining CSF samples directly from patients is an
invasive procedure and synthesis and cleavage of albumin are affected
by age, inflammation, and disease states (Sweeney et al., 2018, 2019;
Erickson and Banks, 2019; Varatharaj et al., 2019). To overcome these
difficulties, there is ongoing research into the use of in vivo imaging
techniques, such as dynamic contrast-enhanced magnetic resonance
imaging (DCE MRI) and arterial spin labeling MRI (ASL MRI), which
may easily detect subtle changes in BBB permeability; however, similar
changes are seen as a result of neuroinflammation associated with
healthy aging and other neuroinflammatory brain disorders
(Verheggen et al., 2020; Hussain et al., 2021). Here, we review the
phenotypic changes in the BBB that arise as a result of AD and
neuroinflammation. We then highlight select in vivo imaging
techniques that capture these biological changes, their advantages and
challenges, and clinical implications of utilizing these imaging
techniques in AD detection and diagnosis.

2. Components of the BBB

The structure of the BBB comprises a monolayer of capillary
endothelial cells supported by pericytes and astrocytes, together called
the neurovascular unit (NVU) (Daneman and Prat, 2015; Sweeney
etal, 2018, 2019; Kadry et al., 2020; Verheggen et al., 2020). Ions and
molecules move across the BBB through a variety of methods,
including passive diffusion and carrier-and receptor-mediated
transport, depending on their physical characteristics (Daneman and
Prat, 2015; Sweeney et al., 2018; Kadry et al., 2020; Knox et al., 2022).

Blood vessel walls within the CNS are formed by thin, continuous
non-fenestrated endothelial cells (EC) that envelop the lumen of the
vessel (Daneman and Prat, 2015; Kadry et al., 2020). Because of the
compact arrangement of the ECs and low rates of vascular transcytosis,
passage of solutes through the BBB is restricted, relying on the
expression of specific transporters on ECs (Cabezas et al., 2014;
Daneman and Prat, 2015; Knox et al., 2022). The ECs of the BBB are
joined by tight junctions (TJ), a dynamic cell junction complex that
involves a matrix of transmembrane proteins for structural support
and selective permeability, including occludin, claudins, and junction
adhesion molecules (Redzic, 2011; Luissint et al., 2012; Bauer et al.,
2014; Pulgar, 2019; Lochhead et al., 2020). Together, the interactions
of these proteins modulate T] development, stability, and adhesion.

In addition to ECs, CNS resident pericytes and astrocytes are
responsible for maintaining BBB integrity in the steady state. Pericytes
attach to the abluminal side of ECs and are responsible for vascular
contraction and regulation of cerebral blood flow (Daneman and Prat,
2015; Sweeney et al., 2019; Kadry et al., 2020; Knox et al., 2022). In
homeostatic conditions, the association of pericytes and ECs decreases
paracellular migration of peripheral immune cells and other
inflammatory factors and supports the structure and maintenance of
the BBB (Daneman and Prat, 2015; Kadry et al., 2020; Knox et al,,
2022). Astrocytes interact with the BBB through the attachment of
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astrocytic endfeet and are the primary neural component of the NVU,
enveloping most of the perivascular surface (Cabezas et al., 2014;
Sweeney et al., 2018; Oksanen et al., 2019; Knox et al., 2022). The
release of sonic hedgehog (SHH) by astrocytes acts on ECs to
modulate TJ protein expression and maintain BBB integrity (Daneman
and Prat, 2015; Sweeney et al., 2019; Michinaga et al., 2021). Other
factors expressed by astrocytes, including VEGE, glial cell derived
(GDNE),
angiogenesis and recruitment of TJ proteins, contributing to BBB

neurotrophic factor and angiopoietin-1, mediate
development and maintenance (Cabezas et al., 2014; Daneman and
Prat, 2015; Oksanen et al., 2019). Furthermore, astrocytic endfeet
express transporters and channels which regulate pH and the passage
of ions to the brain (Cabezas et al., 2014; Liu et al., 2018;0ksanen
et al,, 2019; Kadry et al., 2020; Knox et al., 2022). For example, ion
channels such as the potassium channel Kir4.1 and the water channel
aquaporin-4 (AQP-4) balance CNS ionic concentration (Cabezas
et al., 2014; Liu et al., 2018; Oksanen et al., 2019; Knox et al., 2022).
Astrocytes are also responsible for neurovascular communication and
maintenance of cerebral blood flow (Oksanen et al., 2019; Kadry et al.,
2020; Knox et al., 2022).

These cells work cooperatively to maintain BBB integrity and
prevent infiltration of potentially harmful cells and solutes into the
CNS. However, their functional capacity changes in response to AD
pathology and inflammatory stimuli, leading to structural alterations
and increased permeability.

3. Breakdown of the BBB

Elements of the BBB interact to maintain homeostasis and
respond dynamically to pathological stressors and disease states. BBB
breakdown associated with AD involves physiological changes
including the opening of TJs, differential expression of transport
proteins, and loss of organization of the NVU, leading to entry of cells
and molecules not usually found in the brain (Kadry et al., 2020).
These effects have been identified in neuroinflammatory conditions
associated with neurodegenerative diseases and CNS infections, as
well as with inflammation typical to healthy aging (Knox et al., 2022).

3.1. The BBB in healthy aging

Under healthy conditions, the BBB maintains the immune-
privileged state of the brain by restricting circulating peripheral
immune cells; however, the aging brain exhibits heightened basal
levels of proinflammatory cytokines such as interleukin-6 (IL-6), as
well as a disequilibrium of anti-inflammatory signals, resulting in
activation of CNS-resident microglia (Pachter et al., 2003; Sparkman
and Johnson, 2008; Erickson and Banks, 2019). Amplified by the
accumulation of age-related dysregulation of other cellular processes,
including genome instability and oxidative stress, inflammatory events
that activate microglia and recruit leukocytes to the brain promote
increased permeability of the BBB (Knox et al., 2022). In particular,
IL-1f and tumor necrosis factor (TNF) interact with receptors on ECs
of the BBB and modulate BBB permeability in several ways, such as
upregulating leukocyte adhesion molecules including P-and
E-selectins and ICAM-1 that promote the migration of leukocytes
through the BBB (Argaw et al., 2006; Huber et al., 2006; Wang et al.,
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2014; O’Carroll et al., 2015; Varatharaj and Galea, 2017; Van Dyken
and Lacoste, 2018; Galea, 2021; Hussain et al., 2021; Takata et al.,
2021). This heightened inflammation also upregulates matrix
metalloproteinases (MMPs), increasing the circulation of peripheral
immune cells into the brain through degradation of the basement
membrane (Varatharaj and Galea, 2017; Van Dyken and Lacoste,
2018; Galea, 2021). MMPs also have a role in reorganization of T]
proteins claudin-5 and occludin, leading to disruption of TJ adhesion,
augmented by IL-1p and TNF circulation as well as oxidative stress
(Yang et al., 2007; Elahy et al., 2015; Van Dyken and Lacoste, 2018;
Galea, 2021; Hussain et al., 2021; Knox et al., 2022). Oligomerization
of occludins is further affected by oxidative stress on a molecular level,
thus making proper assembly of TTs by occludins sensitive to redox
regulation and inflammation (Luissint et al., 2012). Additionally,
structural changes such as the loss of pericytes, swelling and
detachment of astrocytic endfeet, decreased angiogenesis and vascular
density, and glycocalyx degradation further contribute to loss of
integrity of the NVU (Varatharaj and Galea, 2017; Brown et al., 2019;
Erickson and Banks, 2019; Hussain et al., 2021; Knox et al., 2022).
Furthermore, alterations in transport protein expression lead to
molecular imbalances within the CNS. For example, downregulation
of glucose transport protein GLUTI and efflux transporters
P-glycoprotein and LRP-1 contribute to nutrient starvation and
buildup of metabolic waste products (Van Dyken and Lacoste, 2018;
Galea, 2021; Hussain et al., 2021). Detachment of astrocytes and
decreased expression of AQP-4 on the astrocytic endfeet cause water
imbalance within the CNS (Erickson and Banks, 2019; Galea, 2021;
Hussain et al., 2021). These changes lead to an overall increased
permeability of the BBB and imbalance of the CNS microenvironment,
as well as the potential introduction of pathogens and neurotoxins
into the brain that can contribute to neurodegenerative processes
(Funk et al., 2021; Lotz et al., 2021).

3.2. The BBB and AD

Blood-brain barrier vascular disruption often precedes detectable
AD symptomatology and neurophysiological changes (Sweeney et al.,
2018, 2019). Structural deficits include EC degeneration, detachment
of astrocytic endfeet, and pericyte degeneration that cause instability
of the vascular architecture, as well as reduced expression of TJ
proteins claudin-5 and occludin (Winkler et al., 2011; Zlokovic, 2011;
Sweeney et al., 2018, 2019). Data show that deficiency of claudin-5 and
occludin in cortical brain regions associated with AD further drives a
loss of adhesion between TJs (Yamazaki et al., 2019). Decreased
expression of GLUT1 reduces glucose uptake into the brain, leading
to hypometabolism, which precedes cognitive impairment (Zlokovic,
2011; Sweeney et al., 2018; Kyrtata et al., 2021). Individuals with AD
also exhibit BBB degradation caused by increased activation of the
cyclophilin A-MMP-9 pathway (Sweeney et al., 2018, 2019; Hussain
etal, 2021). Gradual loss of AQP-4 on astrocytic endfeet as a result of
astrogliosis contributes to water imbalance as well as dysregulation of
ion homeostasis and solute clearance (Lan et al., 2016; Valenza
et al., 2020).

Accumulation of Af and tau aggregates accelerates BBB
pathologies by promoting aberrant angiogenesis via VEGF
dysregulation and cerebral amyloid angiopathy (Biron et al., 2011;
Zlokovic, 2011; Singh et al., 2017; Steinman et al., 2021). Furthermore,
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AP aggregates promote microglia activation and inflammatory
cytokine expression including IL-1p and TNE which recruit
leukocytes to the brain parenchyma, further intensifying BBB
breakdown and vessel leakage (Hussain et al., 2021). This is augmented
by decreased AP clearance from the brain via the loss of transporters
P-glycoprotein, LRP-1, and AQP-4, as well as increased RAGE-
mediated influx of Af into the brain (Zlokovic, 2011; Lan et al., 2016;
Sweeney et al., 2018, 2019; Oksanen et al., 2019; Valenza et al., 2020;
Hussain et al., 2021). Thus, the neuropathological hallmarks of AD
and resultant neuroinflammation further diminish BBB integrity,
which is already compromised in aged individuals.

Altogether, T] protein loss, EC, astrocyte, and pericyte
degeneration, along with damage to the vasculature from AD
pathological aggregates, result in loss of BBB integrity. This allows
extravasation of molecules into the brain that lead to microbleeds and
other injuries visible on in vivo brain scans (Zlokovic, 2011; Daneman
and Prat, 2015; Sweeney et al., 2018, 2019).

4. Current methods in imaging the
BBB

The pathophysiological changes that occur at the BBB in
neuroinflammation and AD can be identified in vivo by imaging
extravasation of specific solutes into the CNS (Sweeney et al., 2018,
2019; Erickson and Banks, 2019; Verheggen et al., 2020; Knox et al.,
2022). Here, we describe current imaging techniques that are used to
monitor

BBB permeability and how they are impacted

by neuroinflammation.

4.1. Dynamic contrast-enhanced magnetic
resonance imaging

A commonly employed imaging technique to measure subtle BBB
permeability is DCE MRI, which utilizes continuous scanning prior
to and after injection of an intravenously administered gadolinium-
based contrast agent (GBCA) to measure the change in gadolinium
concentration in the brain (Heye et al., 2014; Montagne et al., 2016a;
Varatharaj et al., 2019; Shao et al,, 2020). Compared with healthy
aging, individuals with AD show increased extravasation of GBCAs
into the CNS (Heye et al., 2014; Montagne et al., 2016a). GBCA
concentration values are extrapolated from T1-weighted images and
analyzed in relation to regional cerebral blood flow and vascular
surface area to obtain the transfer coefficient (Ki.,s) of permeability
per gram of brain tissue (Heye et al., 2014; Montagne et al., 2016a;
Varatharaj et al., 2019). Kians can be individually derived for segregated
regions of interest to localize BBB permeability (Montagne et al.,
2016a; Varatharaj et al., 2019; Shao et al., 2020).

Use of DCE MRI was initially reserved for CNS diseases with
robust vascular changes, including ischemic stroke and brain tumors
(Heye et al., 2014; Shao et al., 2020). Because of advances in MRI
technology that allow for improved temporal and spatial resolution,
the extravasation of GBCAs can be observed in individuals with
more subtle BBB leakage, including those with diabetes and AD
(Heye et al., 2014; Montagne et al., 2015, 2022; Raja et al., 2018; Shao
et al., 2020; Verheggen et al., 2020). This imaging technique can
identify changes in BBB permeability in cognitively healthy aged
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individuals (Montagne et al., 2015, 2016a, 2022; Verheggen et al.,
2020) and differentiate between BBB breakdown attributed to AD
(Montagne et al., 2015; van de Haar et al., 2016a, b), mild cognitive
impairment (MCI) (Montagne et al., 2015, 2016a, 2017, 2022),
Parkinson’s disease (PD)(Al-Bachari et al., 2020), multiple sclerosis
(MS) (Taheri et al., 2013; Cramer et al., 2014; Maranzano et al.,
2017), and cerebral small-vessel diseases (cSVD) (Zhang et al., 2017;
Uchida et al., 2020; Verheggen et al., 2020).

There are several considerations for the widespread use of DCE
MRI as a clinical tool. Although DCE MRI can detect subtle changes
in BBB permeability in well-controlled cohorts, differences in
scanning equipment, parameters, and data processing between data
collection sites can dilute these relatively small changes associated
with AD and aging, which are typically one order of magnitude lower
than the more robust changes of other disorders like ischemic stroke
(Heye etal., 2014; Montagne etal., 2015, 2016a, 2022). It is also widely
recognized that GBCAs are relatively toxic, and the large size of the
GBCA molecule limits its extravasation when BBB permeability is low
(Montagne et al., 2016a,b; Raja et al., 2018; Shao et al., 2019, 2020;
Varatharaj et al., 2019). Thus, while DCE MRI is a conventional
measure of BBB permeability, researchers seek to better define the
sensitivity of the imaging modality and increase options available to
patients (Heye et al., 2014; van de Haar et al., 2017; Chagnot et al,,
2021; Montagne et al., 2022).

4.2. Arterial spin labeling magnetic
resonance imaging

Studies have described ASL MRI as an alternative to DCE MRI in
identifying subtle BBB leakage (Montagne et al., 2016a; Shao et al.,
2020). ASL MRI utilizes arterial spin labeling, magnetically labeling
arterial blood water using radiofrequency irradiation to noninvasively
exploit water as an endogenous tracer (Detre et al., 2012; Montagne
etal, 2016a; Shao et al,, 2019, 2020). There are a few approaches to the
methodology for ASL, such as continuous and pulsed ASL; however,
many studies employ pseudo-continuous ASL, which introduces
quick intermittent pulses of radiofrequency over several minutes
(Detre et al., 2012; Wolk and Detre, 2012; Shao et al., 2019, 2020; Gold
et al.,, 2021). Readouts of water extraction ratio and cerebral blood
flow in relation to capillary permeability-surface area product of water
are calculated with arterial transit time and post-labeling delay to
obtain the water exchange rate (k,) (Shao et al., 2019). Because water
molecules are smaller than nearly all contrast agents, its movement
across the BBB is sensitive to minute changes in permeability.
Furthermore, water is inherently transported across the BBB primarily
via AQP-4, facilitating its use as a naturally occurring indicator of BBB
permeability (Shao et al., 2019, 2020).

In contrast to DCE MRI measurements of vascular permeability,
ASL MRI measures cerebral blood flow via tissue perfusion (Albrecht
et al,, 2016; Montagne et al., 2016a). Changes in k,, are significantly
associated with diminished cognitive performance and decreased Af
clearance in the hippocampus (Du et al., 2006; Shao et al., 2019; Zheng
et al, 2019; Gold et al, 2021). Furthermore, same-subject
reproducibility of ASL MRI indicates reliability of the measurement
despite low-level BBB leakage (Shao et al., 2019, 2020). Although ASL
MRI is a newer imaging modality for studying subtle loss of BBB
integrity, it has been validated with other methods, including DCE
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MRI (Shao et al.,, 2020; Gold et al., 2021), and studies indicate its
clinical potential as a measurement of several neurodegenerative
diseases, including AD (Alsop et al., 2000; Dai et al., 2009; Chen et al.,
2011; Alexopoulos et al., 2012; Montagne et al., 2016a; van de Haar
etal, 2016b; Zheng et al., 2019; Uchida et al., 2022), MCI (Chao et al.,
2009; Dai et al.,, 2009; Alexopoulos et al., 2012; Montagne et al,,
2016a), frontotemporal dementia (FTD) (Du et al., 2006; Anazodo
etal, 2018), Lewy body disorders (Taylor et al., 2012; Robertson et al.,
2016) including PD (Le Heron et al.,, 2014), and hypercholesterolemia
and diabetes, which are known vascular risk factors for AD and cSVD
(Shao et al., 2019).

Because the use of ASL MRI in relation to AD neuropathology is
still very new, there is a need to validate these metrics with other
biomarkers of AD and to characterize disease-specific cerebral blood
flow changes longitudinally (Montagne et al., 2016a). For example, the
water channel AQP-4 is downregulated early in cerebrovascular
degeneration, which may allow detection of early hypoperfusion (Lan
etal., 2016; Shao et al., 2020; Valenza et al., 2020). However, loss of T
adhesion in later pathology may have the opposite effect, which may
partly explain disparate results across studies, in which decreased
water transfer to the hippocampus, caudate, and thalamus in AD
patients was inconsistently observed (Montagne et al., 2016a; Shao
et al.,, 2020; Gold et al., 2021). Further studies are needed to better
define regional changes in k, and their correlation to the
development of AD.

5. Discussion

Alzheimer’s disease is the most prominent type of dementia and
the fifth-leading cause of death in individuals over 65 years of age, but
there remains a lack of early diagnostic and treatment options for AD
(Hussain et al., 2021; Alzheimer’s disease facts and figures, 2022).
Measurable changes in AP and tau are preceded by BBB breakdown,
detection of which may facilitate earlier diagnosis of AD and
implementation of disease-modifying therapeutics (Sweeney et al.,
2018, 2019). However, BBB breakdown has been shown to also occur
throughout normal aging due to neuroinflammatory processes and in
other neurological disorders (Verheggen et al., 2020; Hussain et al.,
2021). Measurement of CSF albumin ratio can indicate loss of BBB
integrity, but its low sensitivity and specificity to disease states limits
its use as a predictive biomarker (Janelidze et al., 2017; Sweeney et al.,
2018, 2019; Erickson and Banks, 2019; Galea, 2021). Rather, imaging
the BBB via specialized MRI techniques better characterize regional
patterns of BBB breakdown and improve its use in monitoring
development of AD. We highlighted two BBB imaging techniques that
have been studied in relation to AD pathology: DCE MRI and ASL
MRI. As illustrated in Figure 1, both methodologies show potential
for diagnostic capability; however, further validation and optimization
will be necessary to differentiate between BBB breakdown associated
with AD versus other neuroinflammatory disorders.

These technologies are limited by their sensitivity to the subtle
BBB changes that occur in early AD pathology and their ability to
distinguish among AD, other neurological disorders, and
inflammatory processes common in healthy aging. DCE MRI has a
comparatively high temporal and spatial resolution, and studies
suggest that it can distinguish disease-specific regional BBB
breakdown without obfuscation by neuroinflammation (Heye et al.,
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FIGURE 1

with BioRender.com.

DCE MRI vs. ASL MRI. In an intact blood—brain barrier (BBB), GBCAs are restricted from the brain parenchyma, but with loss of TJs, GBCAs extravasate
into the brain via paracellular transport, which can be detected by DCE MRI (left). ASL MRI detects changes in water flux through AQP-4 channels, the
abundance of which can change in response to normal aging and neurodegenerative processes. With loss of BBB integrity, water flux can also occur

via paracellular transport (right). Benefits, limitations, and potential applications to diseases for DCE MRI and ASL MR are listed in table below. Created

2014; Montagne et al., 2015, 2022; Raja et al., 2018; Shao et al., 2020).
However, the large size of GBCAs and limited extravasation in
homeostatic BBB flux limits its use in early disease states during which
much smaller BBB changes occur (Shao et al.,, 2019, 2020; Varatharaj
et al,, 2019). In contrast, the lower spatial resolution of ASL MRI
decreases detection of BBB breakdown in smaller regions such as the
hippocampus, but the use of water as a tracer allows ASL MRI to
be more sensitive to subtle BBB breakdown (Du et al., 2006; Shao
et al,, 2020; Uchida et al., 2023). As a smaller molecule than GBCAs,
water passes the BBB more easily and can detect loss of AQP-4 in
preclinical AD (Shao et al., 2019, 2020). The absence of a GBCA in
ASL MRI may also improve availability to GBCA-sensitive patients
(Shao et al., 2019). However, ASL MRI will require more in-depth
longitudinal studies in order to delineate the differing trajectories of
k,, due to loss of AQP-4 versus breakdown of TJs (Montagne et al.,
2016a; Dickie et al., 2020; Gold et al., 2021).

Changes in cerebral blood flow as measured by ASL MRI are
significantly correlated with the presence of Ap, and DCE MRI studies
demonstrate that BBB breakdown precedes accumulation of Ap and
tau and possibly acts independently of AD pathology (Yan et al., 2017;
Nation et al., 2019; Montagne et al., 2020; Gold et al., 2021; Uchida
et al., 2022). Furthermore, studies have validated the association
between in vivo imaging measurements from DCE MRI with both
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ASL MRI and CSF biomarkers such as albumin, indicating the
potential of these techniques to predict AD progression (Montagne
et al,, 2015, 2022; van de Haar et al., 2016b; Varatharaj et al., 2019;
Shao etal,, 2020; Gold et al,, 2021). However, while imaging techniques
can be indicative of BBB breakdown related to AD, their use as a
solitary diagnostic tool of AD is not definitive and must also
be confirmed with additional biomarkers such as AP, tau, CSF
albumin, and PDGF-B (Montagne et al., 2016a, 2020; Sweeney et al.,
2018, 2020; Varatharaj et al., 2019).

Imaging modalities beyond the scope of MRI that may recognize
subtle BBB changes include positron emission tomography (PET)
scans, which measure decay of radioligands labeling specific target
2014). For example, [*F]-fluoro-2-
deoxyglucose (FDG) is a glucose analog transported across the BBB
via GLUT1. Because GLUT1 expression is downregulated with BBB
degeneration, low levels of FDG in the BBB are indicative of BBB

molecules (Omami et al,

pathologies, and can identify AD and other dementias (Shivamurthy
etal,, 2015; Montagne et al., 2016a; Sweeney et al., 2018, 2019; Bouter
etal, 2019; Ou et al,, 2019). Additionally, ligands that are substrates
of other BBB transport molecules such as P-glycoprotein, an efflux
transport protein whose changes in expression are well-characterized
with BBB breakdown in AD and neuroinflammation, similarly
may demonstrate regional BBB degeneration in patients with AD
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(van Assema et al., 2012; Deo et al., 2014; Raaphorst et al., 2017;
Savolainen et al., 2017; Van Dyken and Lacoste, 2018; Garcia-Varela
etal., 2021; Garcia-Varela et al., 2022). These and other radioligands
suggest that PET scanning in addition to DCE MRI and ASL MRI may
have diagnostic capabilities for neurodegenerative diseases. Other
preclinical technologies for visualizing BBB disruption are also being
actively investigated, but have not yet been tested in human patients.
Some of these technologies include dual-wavelength high-resolution
photoacoustic microscopy (Wang et al., 2022), PET-MRI nanoparticles
(Debatisse et al., 2020), and quantitative ultra-short time-to-echo
contrast-enhanced MRI (Leaston et al., 2021); however, more research
is necessary to assess their diagnostic potential.

6. Conclusion

Imaging the BBB and associated proteins has the potential to
predict AD development. However, subtle BBB breakdown associated
with AD, particularly in preclinical AD, can be similar to that in
healthy aging due to neuroinflammation or other neurological
disorders. As imaging technology and related analysis software
continue to improve, image resolution and data extrapolation are
better able to detect the subtle BBB breakdown in AD; however, more
research is needed to use these techniques to characterize these
changes in relation to specific disease states. Discerning the trajectory
of BBB breakdown between AD and neuroinflammation necessitates
further study of the regional changes that occur, aided by improving
imaging methodologies.

References

Al-Bachari, S., Naish, J. H., Parker, G. J. M., Emsley, H. C. A., and Parkes, L. M. (2020).
Blood-brain barrier leakage is increased in Parkinson’s disease. Front. Physiol. 11:593026.
doi: 10.3389/fphys.2020.593026

Albrecht, D. S., Granziera, C., Hooker, J. M., and Loggia, M. L. (2016). In vivo imaging
of human Neuroinflammation. ACS Chem. Neurosci. 7, 470-483. doi: 10.1021/
acschemneuro.6b00056

Alexopoulos, P, Sorg, C., Forschler, A., Grimmer, T., Skokou, M., Wohlschliger, A.,
etal. (2012). Perfusion abnormalities in mild cognitive impairment and mild dementia
in Alzheimer’s disease measured by pulsed arterial spin labeling MRI. Eur. Arch.
Psychiatry Clin. Neurosci. 262, 69-77. doi: 10.1007/s00406-011-0226-2

Alsop, D. C., Detre, J. A., and Grossman, M. (2000). Assessment of cerebral blood flow
in Alzheimer’s disease by spin-labeled magnetic resonance imaging. Ann. Neurol. 47,
93-100. doi: 10.1002/1531-8249(200001)47:1<93::AID-ANA15>3.0.CO;2-8

Alzheimer’s disease facts and figures (2022). Alzheimers Dement. J. Alzheimers Assoc.
18, 700-789. doi: 10.1002/alz.12638

Anazodo, U. C., Finger, E., Kwan, B. Y. M,, Pavlosky, W.,, Warrington, J. C,,
Giinther, M., et al. (2018). Using simultaneous PET/MRI to compare the accuracy of
diagnosing frontotemporal dementia by arterial spin labelling MRI and FDG-PET.
Neuro Image Clin. 17, 405-414. doi: 10.1016/j.nic1.2017.10.033

Argaw, A. T, Zhang, Y., Snyder, B. J., Zhao, M.-L., Kopp, N, Lee, S. C,, et al. (2006).
IL-1p regulates blood-brain barrier permeability via reactivation of the hypoxia-
angiogenesis Program1. J. Immunol. 177, 5574-5584. doi: 10.4049/jimmunol.177.8.5574

Bauer, H.-C., Krizbai, I. A., Bauer, H., and Traweger, A. (2014). “You shall not pass”—
tight junctions of the blood brain barrier. Front. Neurosci. 8:392. doi: 10.3389/
fnins.2014.00392

Biron, K. E., Dickstein, D. L., Gopaul, R., and Jefferies, W. A. (2011). Amyloid triggers
extensive cerebral angiogenesis causing blood brain barrier permeability and
hypervascularity in Alzheimer’s disease. PLoS One 6:€23789. doi: 10.1371/journal.
pone.0023789

Bouter, C., Henniges, P., Franke, T. N, Irwin, C., Sahlmann, C. O,, Sichler, M. E., et al.
(2019). 18F-FDG-PET detects drastic changes in brain metabolism in the Tg4-42 model
of Alzheimer’s disease. Front. Aging Neurosci. 10:425. doi: 10.3389/fnagi.2018.00425

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1144036

Author contributions

All authors listed have made a substantial, direct, and intellectual
contribution to the work and approved it for publication.

Funding

This work was supported by the National Institutes of Health
grant K99/R00 AG053412 to KF and the IDSA Foundation. Its
contents are solely the responsibility of the authors and do not
necessarily represent the official view of the IDSA Foundation.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Brown, L. S., Foster, C. G., Courtney, J.-M., King, N. E., Howells, D. W,, and
Sutherland, B. A. (2019). Pericytes and neurovascular function in the healthy and
diseased brain. Front. Cell. Neurosci. 13:282. doi: 10.3389/fncel.2019.00282

Cabezas, R., Avila, M., Gonzalez, J., El-Bach4, R. S., Baez, E., Garcia-Segura, L. M.,
etal. (2014). Astrocytic modulation of blood brain barrier: perspectives on Parkinson’s
disease. Front. Cell. Neurosci. 8:211. doi: 10.3389/fncel.2014.00211

Chagnot, A., Barnes, S. R., and Montagne, A. (2021). Magnetic resonance imaging of
blood-brain barrier permeability in dementia. Neuroscience 474, 14-29. doi: 10.1016/j.
neuroscience.2021.08.003

Chao, L. L., Pa, J., Duarte, A., Schuff, N., Weiner, M. W., Kramer, J. H., et al. (2009).
Patterns of cerebral hypoperfusion in amnestic and dysexecutive MCI. Alzheimer Dis.
Assoc. Disord. 23, 245-252. doi: 10.1097/WAD.0b013e318199ff46

Chen, Y., Wolk, D. A,, Reddin, J. S., Korczykowski, M., Martinez, P. M., Musiek, E. S.,
etal. (2011). Voxel-level comparison of arterial spin-labeled perfusion MRI and FDG-
PET in Alzheimer disease. Neurology 77, 1977-1985. doi: 10.1212/
WNL.0b013e31823a0ef7

Cramer, S. P, Simonsen, H., Frederiksen, J. L., Rostrup, E., and Larsson, H. B. W.
(2014). Abnormal blood-brain barrier permeability in normal appearing white matter
in multiple sclerosis investigated by MRI. Neuro Image Clin. 4, 182-189. doi: 10.1016/j.
nicl.2013.12.001

Dai, W, Lopez, O. L., Carmichael, O. T., Becker, J. T., Kuller, L. H., and Gach, H. M.

(2009). Mild cognitive impairment and Alzheimer disease: patterns of altered cerebral
blood flow at MR imaging. Radiology 250, 856-866. doi: 10.1148/radiol.2503080751

Daneman, R., and Prat, A. (2015). The blood-brain barrier. Cold Spring Harb. Perspect.
Biol. 7:a020412. doi: 10.1101/cshperspect.a020412

Debatisse, J., Eker, O. E, Wateau, O., Cho, T.-H., Wiart, M., Ramonet, D., et al. (2020).

PET-MRI nanoparticles imaging of blood-brain barrier damage and modulation after
stroke reperfusion. Brain Commun. 2:fcaal93. doi: 10.1093/braincomms/fcaal93

Deo, A. K, Borson, S., Link, J. M., Domino, K., Eary, . F, Ke, B., et al. (2014). Activity
of P-glycoprotein, a 3-amyloid transporter at the blood-brain barrier, is compromised
in patients with mild Alzheimer’s disease. J. Nucl. Med. Off. Publ. Soc. Nucl. Med. 55,
1106-1111. doi: 10.2967/jnumed.113.130161

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1144036
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fphys.2020.593026
https://doi.org/10.1021/acschemneuro.6b00056
https://doi.org/10.1021/acschemneuro.6b00056
https://doi.org/10.1007/s00406-011-0226-2
https://doi.org/10.1002/1531-8249(200001)47:1<93::AID-ANA15>3.0.CO;2-8
https://doi.org/10.1002/alz.12638
https://doi.org/10.1016/j.nicl.2017.10.033
https://doi.org/10.4049/jimmunol.177.8.5574
https://doi.org/10.3389/fnins.2014.00392
https://doi.org/10.3389/fnins.2014.00392
https://doi.org/10.1371/journal.pone.0023789
https://doi.org/10.1371/journal.pone.0023789
https://doi.org/10.3389/fnagi.2018.00425
https://doi.org/10.3389/fncel.2019.00282
https://doi.org/10.3389/fncel.2014.00211
https://doi.org/10.1016/j.neuroscience.2021.08.003
https://doi.org/10.1016/j.neuroscience.2021.08.003
https://doi.org/10.1097/WAD.0b013e318199ff46
https://doi.org/10.1212/WNL.0b013e31823a0ef7
https://doi.org/10.1212/WNL.0b013e31823a0ef7
https://doi.org/10.1016/j.nicl.2013.12.001
https://doi.org/10.1016/j.nicl.2013.12.001
https://doi.org/10.1148/radiol.2503080751
https://doi.org/10.1101/cshperspect.a020412
https://doi.org/10.1093/braincomms/fcaa193
https://doi.org/10.2967/jnumed.113.130161

Lee and Funk

Detre, J. A., Rao, H., Wang, D. J. ], Chen, Y. E, and Wang, Z. (2012). Applications of
arterial spin labeled MRI in the brain. . Magn. Reson. Imaging 35, 1026-1037. doi:
10.1002/jmri.23581

Dickie, B. R., Parker, G. J. M., and Parkes, L. M. (2020). Measuring water exchange
across the blood-brain barrier using MRI. Prog. Nucl. Magn. Reson. Spectrosc. 116,
19-39. doi: 10.1016/j.pnmrs.2019.09.002

Du,A. T, ]ahng, G. H., Hayasaka, S., Kramer, J. H., Rosen, H. J., Gorno-Tempini, M. L.,
et al. (2006). Hypoperfusion in frontotemporal dementia and Alzheimer disease by
arterial spin labeling MRI. Neurology 67, 1215-1220. doi: 10.1212/01.
wnl.0000238163.71349.78

Elahy, M., Jackaman, C., Mamo, J. C., Lam, V., Dhaliwal, S. S., Giles, C., et al. (2015).
Blood-brain barrier dysfunction developed during normal aging is associated with
inflammation and loss of tight junctions but not with leukocyte recruitment. Immun.
Ageing 12:2. doi: 10.1186/s12979-015-0029-9

Engelhardt, B. (2003). Development of the blood-brain barrier. Cell Tissue Res. 314,
119-129. doi: 10.1007/s00441-003-0751-z

Erickson, M. A, and Banks, W. A. (2019). Age-associated changes in the immune
system and blood-brain barrier functions. Int. J. Mol. Sci. 20:1632. doi: 10.3390/
ijms20071632

Funk, K. E., Arutyunov, A. D, Desai, P, White, J. P, Soung, A. L., Rosen, S. E, et al.
(2021). Decreased antiviral immune response within the central nervous system of aged
mice is associated with increased lethality of West Nile virus encephalitis. Aging Cell
20:€13412. doi: 10.1111/acel.13412

Galea, L. (2021). The blood-brain barrier in systemic infection and inflammation. Cell.
Mol. Immunol. 18, 2489-2501. doi: 10.1038/s41423-021-00757-x

Garcia-Varela, L., Mossel, P, Aguiar, P, Vasquez-Matias, D., van Waarde, A.,
Willemsen, A., et al. (2022). Dose-response assessment of cerebral P-glycoprotein
inhibition in vivo with [18F]MC225 and PET. J. Control. Release 347, 500-507. doi:
10.1016/j.jconrel 2022.05.026

Garcia-Varela, L., Rodriguez-Pérez, M., Custodia, A., Moraga-Amaro, R.,
Colabufo, N. A., Aguiar, P, et al. (2021). In vivo induction of P-glycoprotein function
can be measured with [18F]MC225 and PET. Mol. Pharm. 18, 3073-3085. doi: 10.1021/
acs.molpharmaceut.1c00302

Gold, B., Shao, X, Sudduth, T, Jicha, G., Wilcock, D., Seago, E., et al. (2021). Water
exchange rate across the blood-brain barrier is associated with CSF amyloid-f 42 in
healthy older adults - Gold —2021- Alzheimer’s &amp; dementia-Wiley online library.
Alzheimers Dement. 17, 2020-2029. doi: 10.1002/alz.12357

Heye, A. K., Culling, R. D., Valdés Hernandez, M. D. C., Thrippleton, M. J., and
Wardlaw, J. M. (2014). Assessment of blood-brain barrier disruption using dynamic
contrast-enhanced MRI. Neuro Image Clin. 6, 262-274. doi: 10.1016/j.nicl.2014.09.002

Huber, J. D., Campos, C. R., Mark, K. S., and Davis, T. P. (2006). Alterations in blood-
brain barrier ICAM-1 expression and brain microglial activation after lambda-
carrageenan-induced inflammatory pain. Am. J. Physiol. Heart Circ. Physiol. 290, H732-
H740. doi: 10.1152/ajpheart.00747.2005

Hussain, B., Fang, C., and Chang, J. (2021). Blood-brain barrier breakdown: an
emerging biomarker of cognitive impairment in Normal aging and dementia. Front.
Neurosci. 15:688090. doi: 10.3389/fnins.2021.688090

Janelidze, S., Hertze, J., Nagga, K., Nilsson, K., Nilsson, C., Wennstrom, M., et al.
(2017). Increased blood-brain barrier permeability is associated with dementia and
diabetes but not amyloid pathology or APOE genotype. Neurobiol. Aging 51, 104-112.
doi: 10.1016/j.neurobiolaging.2016.11.017

Kadry, H., Noorani, B., and Cucullo, L. (2020). A blood-brain barrier overview on
structure, function, impairment, and biomarkers of integrity. Fluids Barriers CNS 17:69.
doi: 10.1186/s12987-020-00230-3

Knox, E. G., Aburto, M. R,, Clarke, G., Cryan, ]. E, and O’Driscoll, C. M. (2022). The
blood-brain barrier in aging and neurodegeneration. Mol. Psychiatry 27, 2659-2673. doi:
10.1038/s41380-022-01511-z

Kyrtata, N., Emsley, H. C. A., Sparasci, O., Parkes, L. M., and Dickie, B. R. (2021). A
systematic review of glucose transport alterations in Alzheimer’s disease. Front. Neurosci.
15:626636. doi: 10.3389/fnins.2021.626636

Lan, Y.-L,, Zhao, J., Ma, T., and Li, S. (2016). The potential roles of aquaporin 4 in
Alzheimer’s disease. Mol. Neurobiol. 53, 5300-5309. doi: 10.1007/s12035-015-9446-1

Le Heron, C.J., Wright, S. L., Melzer, T. R., Myall, D. J., MacAskill, M. R, Livingston, L.,
et al. (2014). Comparing cerebral perfusion in Alzheimer’s disease and Parkinson’s
disease dementia: an ASL-MRI study. J. Cereb. Blood flow Metab. Off. J. Int. Soc. Cereb.
Blood Flow Metab. 34, 964-970. doi: 10.1038/jcbfm.2014.40

Leaston, J., Ferris, C. E, Kulkarni, P., Chandramohan, D., van de Ven, A. L., Qiao, J.,
et al. (2021). Neurovascular imaging with QUTE-CE MRI in APOE4 rats reveals early
vascular abnormalities. PLoS One 16:¢0256749. doi: 10.1371/journal.pone.0256749

Liu, C.-Y, Yang, Y., Ju, W.-N., Wang, X., and Zhang, H.-L. (2018). Emerging roles of
astrocytes in neuro-vascular unit and the tripartite synapse with emphasis on reactive

gliosis in the context of Alzheimer’s disease. Front. Cell. Neurosci. 12:193. doi: 10.3389/
fncel.2018.00193

Lochhead, J. ], Yang, J., Ronaldson, P. T., and Davis, T. P. (2020). Structure, function,
and regulation of the blood-brain barrier tight junction in central nervous system
disorders. Front. Physiol. 11:914. doi: 10.3389/fphys.2020.00914

Frontiers in Aging Neuroscience

10.3389/fnagi.2023.1144036

Lotz, S. K., Blackhurst, B. M., Reagin, K. L., and Funk, K. E. (2021). Microbial
infections are a risk factor for neurodegenerative diseases. Front. Cell. Neurosci.
15:691136. doi: 10.3389/fncel.2021.691136

Luissint, A.-C., Artus, C., Glacial, F,, Ganeshamoorthy, K., and Couraud, P.-O. (2012).
Tight junctions at the blood brain barrier: physiological architecture and disease-
associated dysregulation. Fluids Barriers CNS 9:23. doi: 10.1186/2045-8118-9-23

Maranzano, J., Rudko, D. A., Nakamura, K., Cook, S., Cadavid, D., Wolansky, L.,
etal. (2017). MRI evidence of acute inflammation in leukocortical lesions of patients
with early multiple sclerosis. Neurology 89, 714-721. doi: 10.1212/
‘WNL.0000000000004227

Michinaga, S., Inoue, A., Sonoda, K., Mizuguchi, H., and Koyama, Y. (2021). Down-
regulation of astrocytic sonic hedgehog by activation of endothelin ETB receptors:
involvement in traumatic brain injury-induced disruption of blood brain barrier in a
mouse model. Neurochem. Int. 146:105042. doi: 10.1016/j.neuint.2021.105042

Montagne, A., Barnes, S. R., Nation, D. A., Kisler, K., Toga, A. W, and Zlokovic, B. V.
(2022). Imaging subtle leaks in the blood-brain barrier in the aging human brain:
potential pitfalls, challenges, and possible solutions. GeroScience 44, 1339-1351. doi:
10.1007/s11357-022-00571-x

Montagne, A., Barnes, S. R, Sweeney, M. D., Halliday, M. R., Sagare, A. P, Zhao, Z.,
etal. (2015). Blood-brain barrier breakdown in the aging human hippocampus. Neuron
85, 296-302. doi: 10.1016/j.neuron.2014.12.032

Montagne, A., Nation, D. A., Pa, J., Sweeney, M. D., Toga, A. W,, and Zlokovic, B. V.
(2016a). Brain imaging of neurovascular dysfunction in Alzheimer’s disease. Acta
Neuropathol. 131, 687-707. doi: 10.1007/s00401-016-1570-0

Montagne, A., Nation, D. A., Sagare, A. P, Barisano, G., Sweeney, M. D,
Chakhoyan, A., et al. (2020). APOE4 leads to blood-brain barrier dysfunction predicting
cognitive decline. Nature 581, 71-76. doi: 10.1038/s41586-020-2247-3

Montagne, A., Toga, A. W, and Zlokovic, B. V. (2016b). Blood-brain barrier
permeability and gadolinium: benefits and potential pitfalls in research. JAMA Neurol.
73, 13-14. doi: 10.1001/jamaneurol.2015.2960

Montagne, A., Zhao, Z., and Zlokovic, B. V. (2017). Alzheimer’s disease: a matter of
blood-brain barrier dysfunction? J. Exp. Med. 214, 3151-3169. doi: 10.1084/
jem.20171406

Nation, D. A., Sweeney, M. D., Montagne, A., Sagare, A. P,, DOrazio, L. M.,
Pachicano, M., et al. (2019). Blood-brain barrier breakdown is an early biomarker of
human cognitive dysfunction. Nat. Med. 25, 270-276. doi: 10.1038/s41591-018-0297-y

O’Carroll, S. J., Kho, D. T., Wiltshire, R., Nelson, V., Rotimi, O., Johnson, R., et al.
(2015). Pro-inflammatory TNFa and IL-1p differentially regulate the inflammatory
phenotype of brain microvascular endothelial cells. J. Neuroinflammation 12:131. doi:
10.1186/512974-015-0346-0

Oksanen, M., Lehtonen, S., Jaronen, M., Goldsteins, G., Himaildinen, R. H., and
Koistinaho, J. (2019). Astrocyte alterations in neurodegenerative pathologies and their
modeling in human induced pluripotent stem cell platforms. Cell. Mol. Life Sci. 76,
2739-2760. doi: 10.1007/s00018-019-03111-7

Omami, G., Tamimi, D., and Branstetter, B. F. (2014). Basic principles and applications
of 18F-FDG-PET/CT in oral and maxillofacial imaging: a pictorial essay. Imag. Sci. Dent.
44, 325-332. doi: 10.5624/isd.2014.44.4.325

Ou, Y.-N,, Xu, W,, Li, ].-Q., Guo, Y., Cui, M., Chen, K.-L., et al. (2019). FDG-PET as
an independent biomarker for Alzheimer’s biological diagnosis: a longitudinal study.
Alzheimers Res. Ther. 11:57. doi: 10.1186/s13195-019-0512-1

Pachter, J. S., de Vries, H. E., and Fabry, Z. (2003). The blood-brain barrier and its role
in immune privilege in the central nervous system. J. Neuropathol. Exp. Neurol. 62,
593-604. doi: 10.1093/jnen/62.6.593

Pulgar, V. M. (2019). Transcytosis to cross the blood brain barrier, new advancements
and challenges. Front. Neurosci. 12:1019. doi: 10.3389/fnins.2018.01019

Raaphorst, R. M., Luurtsema, G., Schuit, R. C., Kooijman, E. J. M., Elsinga, P. H.,
Lammertsma, A. A., et al. (2017). Synthesis and evaluation of new Fluorine-18 labeled
verapamil analogs to investigate the function of P-glycoprotein in the blood-brain
barrier. ACS Chem. Neurosci. 8, 1925-1936. doi: 10.1021/acschemneuro.7b00086

Raja, R., Rosenberg, G. A., and Caprihan, A. (2018). MRI measurements of blood-
brain barrier function in dementia: a review of recent studies. Neuropharmacology 134,
259-271. doi: 10.1016/j.neuropharm.2017.10.034

Redzic, Z. (2011). Molecular biology of the blood-brain and the blood-cerebrospinal
fluid barriers: similarities and differences. Fluids Barriers CNS 8:3. doi:
10.1186/2045-8118-8-3

Robertson, A. D., Messner, M. A., Shirzadi, Z., Kleiner-Fisman, G., Lee, J., Hopyan, .,
etal. (2016). Orthostatic hypotension, cerebral hypoperfusion, and visuospatial deficits
in Lewy body disorders. Parkinsonism Relat. Disord. 22, 80-86. doi: 10.1016/j.
parkreldis.2015.11.019

Savolainen, H., Windhorst, A. D., Elsinga, P. H., Cantore, M., Colabufo, N. A.,
Willemsen, A. T, et al. (2017). Evaluation of [I8F]MC225 as a PET radiotracer for
measuring P-glycoprotein function at the blood-brain barrier in rats: kinetics,
metabolism, and selectivity. J. Cereb. Blood Flow Metab. 37, 1286-1298. doi:
10.1177/0271678X16654493

Shao, X,, Jann, K., Ma, S. J., Yan, L., Montagne, A., Ringman, J. M., et al. (2020).
Comparison between blood-brain barrier water exchange rate and permeability to

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1144036
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/jmri.23581
https://doi.org/10.1016/j.pnmrs.2019.09.002
https://doi.org/10.1212/01.wnl.0000238163.71349.78
https://doi.org/10.1212/01.wnl.0000238163.71349.78
https://doi.org/10.1186/s12979-015-0029-9
https://doi.org/10.1007/s00441-003-0751-z
https://doi.org/10.3390/ijms20071632
https://doi.org/10.3390/ijms20071632
https://doi.org/10.1111/acel.13412
https://doi.org/10.1038/s41423-021-00757-x
https://doi.org/10.1016/j.jconrel.2022.05.026
https://doi.org/10.1021/acs.molpharmaceut.1c00302
https://doi.org/10.1021/acs.molpharmaceut.1c00302
https://doi.org/10.1002/alz.12357
https://doi.org/10.1016/j.nicl.2014.09.002
https://doi.org/10.1152/ajpheart.00747.2005
https://doi.org/10.3389/fnins.2021.688090
https://doi.org/10.1016/j.neurobiolaging.2016.11.017
https://doi.org/10.1186/s12987-020-00230-3
https://doi.org/10.1038/s41380-022-01511-z
https://doi.org/10.3389/fnins.2021.626636
https://doi.org/10.1007/s12035-015-9446-1
https://doi.org/10.1038/jcbfm.2014.40
https://doi.org/10.1371/journal.pone.0256749
https://doi.org/10.3389/fncel.2018.00193
https://doi.org/10.3389/fncel.2018.00193
https://doi.org/10.3389/fphys.2020.00914
https://doi.org/10.3389/fncel.2021.691136
https://doi.org/10.1186/2045-8118-9-23
https://doi.org/10.1212/WNL.0000000000004227
https://doi.org/10.1212/WNL.0000000000004227
https://doi.org/10.1016/j.neuint.2021.105042
https://doi.org/10.1007/s11357-022-00571-x
https://doi.org/10.1016/j.neuron.2014.12.032
https://doi.org/10.1007/s00401-016-1570-0
https://doi.org/10.1038/s41586-020-2247-3
https://doi.org/10.1001/jamaneurol.2015.2960
https://doi.org/10.1084/jem.20171406
https://doi.org/10.1084/jem.20171406
https://doi.org/10.1038/s41591-018-0297-y
https://doi.org/10.1186/s12974-015-0346-0
https://doi.org/10.1007/s00018-019-03111-7
https://doi.org/10.5624/isd.2014.44.4.325
https://doi.org/10.1186/s13195-019-0512-1
https://doi.org/10.1093/jnen/62.6.593
https://doi.org/10.3389/fnins.2018.01019
https://doi.org/10.1021/acschemneuro.7b00086
https://doi.org/10.1016/j.neuropharm.2017.10.034
https://doi.org/10.1186/2045-8118-8-3
https://doi.org/10.1016/j.parkreldis.2015.11.019
https://doi.org/10.1016/j.parkreldis.2015.11.019
https://doi.org/10.1177/0271678X16654493

Lee and Funk

gadolinium-based contrast agent in an elderly cohort. Front. Neurosci. 14:571480. doi:
10.3389/fnins.2020.571480

Shao, X., Ma, S. J., Casey, M., D'Orazio, L., Ringman, J. M., and Wang, D. J. (2019).
Mapping water exchange across the blood-brain barrier using three-dimensional
diffusion-prepared arterial spin labeled perfusion MRI. Magn. Reson. Med. 81,
3065-3079. doi: 10.1002/mrm.27632

Shivamurthy, V. K. N, Tahari, A. K., Marcus, C., and Subramaniam, R. M. (2015).
Brain FDG PET and the diagnosis of dementia. AJR Am. J. Roentgenol. 204, W76-W85.
doi: 10.2214/AJR.13.12363

Singh, C., Pfeifer, C. G., and Jefferies, W. A. (2017). “Pathogenic Angiogenic Mechanisms
in Alzheimer’s Disease;” in Physiologic and Pathologic Angiogenesis — Signaling Mechanisms
and Targeted Therapy, ed. D. Simionescu, A. Simionescu (IntechOpen), 93-109.

Sparkman, N. L., and Johnson, R. W. (2008). Neuroinflammation associated with
aging sensitizes the brain to the effects of infection or stress. Neuroimmunomodulation
15, 323-330. doi: 10.1159/000156474

Steinman, J., Sun, H.-S., and Feng, Z.-P. (2021). Microvascular alterations in
Alzheimer’s disease. Front. Cell. Neurosci. 14:618986. doi: 10.3389/fncel.2020.618986

Sweeney, M. D,, Sagare, A. P,, Pachicano, M., Harrington, M. G., Joe, E., Chui, H. C,,
et al. (2020). A novel sensitive assay for detection of a biomarker of pericyte injury in
cerebrospinal fluid. Alzheimers Dement. J. Alzheimers Assoc. 16, 821-830. doi: 10.1002/
alz.12061

Sweeney, M. D., Sagare, A. P, and Zlokovic, B. V. (2018). Blood-brain barrier
breakdown in Alzheimer disease and other neurodegenerative disorders. Nat. Rev.
Neurol. 14, 133-150. doi: 10.1038/nrneurol.2017.188

Sweeney, M. D., Zhao, Z., Montagne, A., Nelson, A. R., and Zlokovic, B. V. (2019).
Blood-brain barrier: from physiology to disease and Back. Physiol. Rev. 99, 21-78. doi:
10.1152/physrev.00050.2017

Taheri, S., Rosenberg, G. A., and Ford, C. (2013). Quantification of blood-to-brain
transfer rate in multiple sclerosis. Mult. Scler. Relat. Disord. 2, 124-132. doi: 10.1016/j.
msard.2012.09.003

Takata, F., Nakagawa, S., Matsumoto, J., and Dohgu, S. (2021). Blood-brain barrier
dysfunction amplifies the development of Neuroinflammation: understanding of cellular
events in brain microvascular endothelial cells for prevention and treatment of BBB
dysfunction. Front. Cell. Neurosci. 15:661838. doi: 10.3389/fncel.2021.661838

Taylor, J.-P, Firbank, M. ], He, ], Barnett, N., Pearce, S., Livingstone, A., et al. (2012).
Visual cortex in dementia with Lewy bodies: magnetic resonance imaging study. Br. J.
Psychiatry 200, 491-498. doi: 10.1192/bjp.bp.111.099432

Uchida, Y., Kan, H., Sakurai, K., Arai, N, Inui, S., Kobayashi, S., et al. (2020). Iron
leakage owing to blood-brain barrier disruption in small vessel disease CADASIL.
Neurology 95, e1188-e1198. doi: 10.1212/WNL.0000000000010148

Uchida, Y., Kan, H., Sakurai, K., Horimoto, Y., Hayashi, E., lida, A., et al. (2022).
APOE ¢4 dose associates with increased brain iron and B-amyloid via blood-brain
barrier dysfunction. J. Neurol. Neurosurg. Psychiatry 93, 772-778. doi: 10.1136/
jnnp-2021-328519

Uchida, Y., Kan, H., Sakurai, K., Oishi, K., and Matsukawa, N. (2023). Contributions
of blood-brain barrier imaging to neurovascular unit pathophysiology of Alzheimer’s
disease and related dementias. Front. Aging Neurosci. 15:1111448. doi: 10.3389/
fnagi.2023.1111448

Valenza, M., Facchinetti, R., Steardo, L., and Scuderi, C. (2020). Altered waste disposal
system in aging and Alzheimer’s disease: focus on Astrocytic Aquaporin-4. Front.
Pharmacol. 10:1656. doi: 10.3389/fphar.2019.01656

van Assema, D. M. E., Lubberink, M., Bauer, M., van der Flier, W. M., Schuit, R. C.,
Windhorst, A. D., et al. (2012). Blood-brain barrier P-glycoprotein function in
Alzheimer’s disease. Brain 135, 181-189. doi: 10.1093/brain/awr298

Frontiers in Aging Neuroscience

08

10.3389/fnagi.2023.1144036

van de Haar, H. ], Burgmans, S., Jansen, J. E. A, van Osch, M. J. P, van Buchem, M. A,,
Muller, M., et al. (2016a). Blood-brain barrier leakage in patients with early Alzheimer
disease. Radiology 281, 527-535. doi: 10.1148/radiol.2016152244

van de Haar, H. J, Jansen, J. E A, Jeukens, C. R. L. P. N, Burgmans, S., van
Buchem, M. A., Muller, M, et al. (2017). Subtle blood-brain barrier leakage rate and
spatial extent: considerations for dynamic contrast-enhanced MRI. Med. Phys. 44,
4112-4125. doi: 10.1002/mp.12328

van de Haar, H. ], Jansen, J. E A., van Osch, M. J. P, van Buchem, M. A., Muller, M.,
Wong, S. M., et al. (2016b). Neurovascular unit impairment in early Alzheimer’s disease
measured with magnetic resonance imaging. Neurobiol. Aging 45, 190-196. doi:
10.1016/j.neurobiolaging.2016.06.006

Van Dyken, P, and Lacoste, B. (2018). Impact of metabolic syndrome on
Neuroinflammation and the blood-brain barrier. Front. Neurosci. 12:930. doi: 10.3389/
fnins.2018.00930

Varatharaj, A., and Galea, I. (2017). The blood-brain barrier in systemic inflammation.
Brain Behav. Immun. 60, 1-12. doi: 10.1016/j.bbi.2016.03.010

Varatharaj, A., Liljeroth, M., Darekar, A., Larsson, H. B. W, Galea, I, and Cramer, S. P.
(2019). Blood-brain barrier permeability measured using dynamic contrast-enhanced
magnetic resonance imaging: a validation study. J. Physiol. 597, 699-709. doi: 10.1113/
JP276887

Verheggen, I. C. M., de Jong, J. J. A., van Boxtel, M. P. J., Postma, A. A, Jansen, J. E A,
Verhey, E R. ], et al. (2020). Imaging the role of blood-brain barrier disruption in
normal cognitive ageing. GeroScience 42, 1751-1764. doi: 10.1007/s11357-020-00282-1

Wang, Y., Jin, S., Sonobe, Y., Cheng, Y., Horiuchi, H., Parajuli, B., et al. (2014).
Interleukin-1f induces blood-brain barrier disruption by downregulating sonic
hedgehog in astrocytes. PLoS One 9:¢110024. doi: 10.1371/journal.pone.0110024

Wang, Y., Zhang, R., Chen, Q., Guo, H,, Liang, X., Li, T,, et al. (2022). Visualization of
blood-brain barrier disruption with dual-wavelength high-resolution photoacoustic
microscopy. Biomed. Opt. Express 13, 1537-1550. doi: 10.1364/BOE.449017

Winkler, E. A, Bell, R. D., and Zlokovic, B. V. (2011). Central nervous system pericytes
in health and disease. Nat. Neurosci. 14, 1398-1405. doi: 10.1038/nn.2946

Wolk, D. A., and Detre, J. A. (2012). Arterial spin labeling MRI: an emerging
biomarker for Alzheimer’s disease and other neurodegenerative conditions. Curr. Opin.
Neurol. 25, 421-428. doi: 10.1097/WCO.0b013e328354ft0a

Yamazaki, Y., Shinohara, M., Shinohara, M., Yamazaki, A., Murray, M. E,
Liesinger, A. M., et al. (2019). Selective loss of cortical endothelial tight junction proteins
during Alzheimer’s disease progression. Brain 142, 1077-1092. doi: 10.1093/brain/
awz011

Yan, L., Liu, C. Y., Wong, K.-P, Huang, S.-C., Mack, W. J,, Jann, K,, et al. (2017).
Regional association of pCASL-MRI with FDG-PET and PiB-PET in people at risk for
autosomal dominant Alzheimer’s disease. Neuro Image Clin. 17, 751-760. doi: 10.1016/j.
nicl.2017.12.003

Yang, Y, Estrada, E. Y., Thompson, J. E, Liu, W,, and Rosenberg, G. A. (2007). Matrix
metalloproteinase-mediated disruption of tight junction proteins in cerebral vessels is
reversed by synthetic matrix metalloproteinase inhibitor in focal ischemia in rat. J.
Cereb. Blood Flow Metab. 27, 697-709. doi: 10.1038/sj.jcbfm.9600375

Zhang, C. E., Wong, S. M., van de Haar, H. ], Staals, ], Jansen, . E A., Jeukens, C.R. L. P.
N., et al. (2017). Blood-brain barrier leakage is more widespread in patients with cerebral
small vessel disease. Neurology 88, 426-432. doi: 10.1212/WNL.0000000000003556

Zheng, W, Cui, B., Han, Y, Song, H., Li, K, He, Y,, et al. (2019). Disrupted regional
cerebral blood flow, functional activity and connectivity in Alzheimer’s disease: a
combined ASL perfusion and resting state fMRI study. Front. Neurosci. 13:738. doi:
10.3389/fnins.2019.00738

Zlokovic, B. V. (2011). Neurovascular pathways to neurodegeneration in Alzheimer’s
disease and other disorders. Nat. Rev. Neurosci. 12, 723-738. doi: 10.1038/nrn3114

frontiersin.org


https://doi.org/10.3389/fnagi.2023.1144036
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org
https://doi.org/10.3389/fnins.2020.571480
https://doi.org/10.1002/mrm.27632
https://doi.org/10.2214/AJR.13.12363
https://doi.org/10.1159/000156474
https://doi.org/10.3389/fncel.2020.618986
https://doi.org/10.1002/alz.12061
https://doi.org/10.1002/alz.12061
https://doi.org/10.1038/nrneurol.2017.188
https://doi.org/10.1152/physrev.00050.2017
https://doi.org/10.1016/j.msard.2012.09.003
https://doi.org/10.1016/j.msard.2012.09.003
https://doi.org/10.3389/fncel.2021.661838
https://doi.org/10.1192/bjp.bp.111.099432
https://doi.org/10.1212/WNL.0000000000010148
https://doi.org/10.1136/jnnp-2021-328519
https://doi.org/10.1136/jnnp-2021-328519
https://doi.org/10.3389/fnagi.2023.1111448
https://doi.org/10.3389/fnagi.2023.1111448
https://doi.org/10.3389/fphar.2019.01656
https://doi.org/10.1093/brain/awr298
https://doi.org/10.1148/radiol.2016152244
https://doi.org/10.1002/mp.12328
https://doi.org/10.1016/j.neurobiolaging.2016.06.006
https://doi.org/10.3389/fnins.2018.00930
https://doi.org/10.3389/fnins.2018.00930
https://doi.org/10.1016/j.bbi.2016.03.010
https://doi.org/10.1113/JP276887
https://doi.org/10.1113/JP276887
https://doi.org/10.1007/s11357-020-00282-1
https://doi.org/10.1371/journal.pone.0110024
https://doi.org/10.1364/BOE.449017
https://doi.org/10.1038/nn.2946
https://doi.org/10.1097/WCO.0b013e328354ff0a
https://doi.org/10.1093/brain/awz011
https://doi.org/10.1093/brain/awz011
https://doi.org/10.1016/j.nicl.2017.12.003
https://doi.org/10.1016/j.nicl.2017.12.003
https://doi.org/10.1038/sj.jcbfm.9600375
https://doi.org/10.1212/WNL.0000000000003556
https://doi.org/10.3389/fnins.2019.00738
https://doi.org/10.1038/nrn3114

	Imaging blood–brain barrier disruption in neuroinflammation and Alzheimer’s disease
	1. Introduction
	2. Components of the BBB
	3. Breakdown of the BBB
	3.1. The BBB in healthy aging
	3.2. The BBB and AD

	4. Current methods in imaging the BBB
	4.1. Dynamic contrast-enhanced magnetic resonance imaging
	4.2. Arterial spin labeling magnetic resonance imaging

	5. Discussion
	6. Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	﻿References

