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Review article 

Application of contrast-enhanced magnetic resonance imaging in the 
assessment of blood-cerebrospinal fluid barrier integrity 

Inge C.M. Verheggen a,b,*, Whitney M. Freeze a,b,c, Joost J.A. de Jong b,d, Jacobus F. 
A. Jansen b,d, Alida A. Postma b,d, Martin P.J. van Boxtel a,b, Frans R.J. Verhey a,b, 
Walter H. Backes b,d,e 

a Alzheimer Center Limburg, Department of Psychiatry and Neuropsychology, Maastricht University, P.O. Box 616, 6200 MD Maastricht, the Netherlands 
b School for Mental Health and Neuroscience (MHeNs), Maastricht University, P.O. Box 616, 6200 MD Maastricht, the Netherlands 
c Department of Radiology, Leiden University Medical Center, Leiden, P.O. Box 9600, 2300 RC Leiden, the Netherlands 
d Department of Radiology and Nuclear Medicine, Maastricht University Medical Center, P.O. Box 5800, 6202 AZ Maastricht, the Netherlands 
e School for Cardiovascular Diseases (CARIM), Maastricht University, P.O. Box 616, 6200 MD Maastricht, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Blood-cerebrospinal fluid barrier 
Choroid plexus 
MRI 
Contrast-enhanced 
Aging 

A B S T R A C T   

VERHEGGEN, I.C.M., W. Freeze, J. de Jong, J. Jansen, A. Postma, M. van Boxtel, F. Verhey and W. Backes. The 
application of contrast-enhanced MRI in the assessment of blood-cerebrospinal fluid barrier integrity. 

Choroid plexus epithelial cells form a barrier that enables active, bidirectional exchange between the blood 
plasma and cerebrospinal fluid (CSF), known as the blood-CSF barrier (BCSFB). Through its involvement in CSF 
composition, the BCSFB maintains homeostasis in the central nervous system. While the relation between blood- 
brain barrier disruption, aging and neurodegeneration is extensively studied using contrast-enhanced MRI, 
applying this technique to investigate BCSFB disruption in age-related neurodegeneration has received little 
attention. This review provides an overview of the current status of contrast-enhanced MRI to assess BCSFB 
permeability. Post-contrast ventricular gadolinium enhancement has been used to indicate BCSFB permeability. 
Moreover, new techniques highly sensitive to low gadolinium concentrations in the CSF, for instance heavily T2- 
weighted imaging with cerebrospinal fluid suppression, seem promising. Also, attempts are made at using other 
contrast agents, such as manganese ions or very small superparamagnetic iron oxide particles, that seem to be 
cleared from the brain at the choroid plexus. Advancing and applying new developments such as these could 
progress the assessment of BCSFB integrity.   

1. Introduction 

Over the last years, there has been great interest in studies investi-
gating the association between blood-brain barrier (BBB) disruption, 
aging and neurodegeneration (Erdő et al., 2017; van de Haar et al., 
2016; Montagne et al., 2017; Zlokovic, 2008). The most important 

function of the BBB involves maintaining homeostasis in the central 
nervous system (CNS) by the regulated exchange of valuable bio-
molecules, blocking the entrance of pathogens and clearing waste 
products from the internal milieu. This function is actually shared by the 
choroid plexus epithelial cells, that control the exchange between the 
blood and the cerebrospinal fluid (CSF), and thereby form the blood-CSF 
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barrier (BCSFB) (Johanson, 2017). The finding that age-associated 
damage to the barriers can disrupt balance in the internal milieu and 
contribute to the neurodegenerative cascade, applies to both the BBB 
and BCSFB. The role of the BCSFB in the production of CSF has been 
appreciated for a long time, while its function in maintaining homeo-
stasis in the CNS has often been overlooked (Ghersi-Egea and Strazielle, 
2001). Investigating BCSFB disruption, and its possible connection to 
aging and neurodegeneration, could shed more light on age-related 
decline. 

Broadening the focus from only the BBB to also investigating BCSFB 
disruption raises the question of what methods can be used to accurately 
measure BCSFB permeability. For BBB disruption, measuring the spread 
of a contrast agent from the vasculature to the brain with MRI has 
produced new insights, for instance the detection of subtle BBB leakage 
in neurodegenerative disorders (Starr et al., 2009). Therefore, it would 
be interesting to investigate whether contrast enhancement on MRI 
could also be used to obtain information on BCSFB permeability, and if 
so, how this technique should be implemented. To address these points, 
we conducted a literature review to obtain an overview of what has 

already been investigated on BCSFB permeability using 
contrast-enhanced MRI in both animal and human studies. From this 
overview, we attempted to outline what techniques hold most promise 
for the future of assessing BCSFB integrity. 

1.1. Normal function of the BCSFB 

The BCSFB is formed by choroid plexus epithelial cells. The choroid 
plexus is located at the inner ventricular surface of the lateral ventricles 
and at the roof of the third and fourth ventricle (Fig. 1A) (Liddelow, 
2015; Wolburg and Paulus, 2010). The blood vessels in the choroid 
plexus are fenestrated, and choroid plexus epithelial cells connected by 
tight junctions surround the fenestrated capillaries to form a barrier for 
the molecules that leak from these capillaries (Fig. 1B) (Johanson, 2017; 
Balusu et al., 2016). 

The choroid plexus is considered the most important structure in the 
production of CSF (Khasawneh et al., 2018). Driven by the pressure 
gradient between blood and ventricles, blood plasma is filtered by the 
choroid plexus fenestrated capillaries and then transported across the 

Fig. 1. The choroid plexus. A: The location of the choroid plexus (red ribbons) in the lateral ventricles, and third and fourth ventricle. Figure obtained from 
(Liddelow, 2015), under the Creative Commons Attribution 4.0 License (CC BY 4.0). B: Schematic overview on the cellular level of the choroid plexus forming the 
blood-CSF barrier. Figure created with BioRender.com. 
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choroid plexus epithelial cells to become part of the CSF (Brinker et al., 
2014). An alternative theory opposes the classical view that CSF pro-
duction is located in a single organ, and instead states that the CSF is 
produced and absorbed throughout the whole circulatory system at the 
perivascular spaces (Orešković and Klarica, 2010, 2014). However, this 
theory does not account for the ebbs and flows of CSF or the net flow 
(Khasawneh et al., 2018; Spector et al., 2015a), and needs independent 
confirmation. Moreover, a number of reviews have since refuted this 
theory in favour of evidence of secretion by the choroid plexus (Bateman 
and Brown, 2012; Hladky and Barrand, 2014; Spector et al., 2015b), 
which is more generally accepted. Therefore, in this review, we will 
focus on fluid exchange at the level of the choroid plexus. 

Besides functioning as a barrier, the choroid plexus epithelial cells 
enable active, bidirectional exchange between the blood and CSF 
(Johanson, 2017). CSF has a different composition than blood plasma. 
The concentrations of Cl− and Mg2+ ions are higher in the CSF, and the 
concentrations of Na+, K+ and Ca2+ ions are lower in the CSF compared 
to the blood plasma (Davson and Segal, 1996). Moreover, the concen-
trations of glucose and amino acids in the CSF are approximately half of 
that in the blood plasma. These differences indicate that CSF is not just 
the result of blood plasma filtration by the choroid plexus (Segal, 2000). 

The BCSFB contains several transporters involved in the clearance of 
the neurotoxic amyloid-β protein (Aβ), known for its role in the patho-
genesis of Alzheimer’s disease (AD), such as lipoprotein receptor-related 
protein 1 and 2 (LRP-1 and LRP-2), receptors for advanced glycation end 
products (RAGE) and p-glycoprotein (p-gp). The BCSFB also secretes the 
protein transthyretin (TTR), which, just like the transporters, binds 
soluble Aβ to facilitate its clearance from the brain, and prevents the 
formation of Aβ plaques (Balusu et al., 2016; Serot et al., 1997). 

Other BCSFB transporters supply nutrients and neurotrophic factors 
to the CSF, and the CSF facilitates their distribution over the whole CNS. 
Neurotrophic factors are produced at the BCSFB, such as glial cell- 
derived neurotrophic factor (GDNF), brain-derived neurotrophic factor 
(BDNF) and nerve growth factor (NGF) (Borlongan et al., 2004). 
Moreover, the BCSFB plays a role in the immune response, as the choroid 
plexus epithelial cells can trigger an inflammatory response by the 
production of chemokines and cytokines, and also as T-lymphocytes can 
enter the brain through the BCSFB (Balusu et al., 2016). 

1.2. The blood-cerebrospinal fluid barrier in aging and neurodegeneration 

The BCSFB undergoes structural and functional changes during 
normal aging (Balusu et al., 2016). The structural changes involve at-
rophy of the choroid plexus epithelial cells, evident by a decrease in 
height and thickening of the basement membrane (Serot et al., 2001a). 
Also, neurotoxic proteins accumulate in the choroid plexus epithelial 
cells (Balusu et al., 2016; Serot et al., 2003), such as Biondi bodies and 
lipofuscin deposits, that alter cell function (Wen et al., 1999). A possible 
functional change is a decrease in CSF secretion, that has been well 
established in animal studies (Preston, 1999; Wilson et al., 1999; Chen 
et al., 2009). However, in human studies, the results are less clear. One 
study found that the elderly had significantly lower CSF production 
compared to the young (May et al., 1990), but this study used a modified 
Masserman method, which has been criticized as being unusable with 
different CSF volumes (Fishman, 2002). Moreover, another study did 
not find a significant difference in CSF production between an older and 
a younger group (Gideon et al., 1994). CSF volume increases during 
aging due to cerebral atrophy (Tanna et al., 1991), which could lead to 
decreased CSF turnover, especially when combined with decreased CSF 
production (Serot et al., 2003). 

The structural and functional changes in the BCSFB during normal 
aging are exacerbated in AD (Balusu et al., 2016; Serot et al., 2003). 
Choroid plexus epithelial cells, for instance, show more shrinkage and 
increased thickening of the basement membrane (Serot et al., 2000). 
Also, a stronger decrease in CSF production has been found in AD (Sil-
verberg et al., 2001, 2003), but again the Masserman Technique has 

been used, which could give unreliable results with different CSF vol-
umes (Fishman, 2002). However, a large increase in CSF volume in AD 
(De Leon et al., 2004), could still lead to a large decrease in CSF turn-
over, which promotes the glycation of proteins and increases the amount 
of advanced glycation end products (AGEs), that are prone to aggrega-
tion and trigger age-related pathology (Vitek et al., 1994). 

The increase of amyloid protein oligomers in the brain is due to 
increased production and decreased clearance of Aβ, combined with 
decreased CSF turnover and increased protein glycation (Serot et al., 
2003; Chen et al., 2017). The BCSFB contains transporters to take up Aβ 
for degradation, but AD impairs the choroid plexus epithelial cell lyso-
somal function (Balusu et al., 2016). Rather than being cleared, Aβ ac-
cumulates in the choroid plexus epithelial cells, which can lead to 
oxidative stress and cell death and increase BCSFB disruption (Vargas 
et al., 2010). Moreover, the BCSFB transporters that normally clear Aβ 
from the CSF to the blood are compromised in AD, which can lead to 
extracellular Aβ accumulation at the apical membrane, which can then 
further increase BCSFB disruption (Vargas et al., 2010; Mesquita et al., 
2012). This can impair the ability of the BCSFB to secrete Aβ-binding 
proteins, that normally interact with Aβ to facilitate its clearance 
(Mesquita et al., 2012; Crossgrove et al., 2005). One of these proteins is 
for instance TTR, which is synthesized and secreted by the choroid 
plexus, and normally binds and stabilizes soluble Aβ to facilitate its 
clearance and prevent the formation of Aβ plaques (Li et al., 2000; Tang 
et al., 2004). A decrease in TTR level, which has been found in AD, can 
therefore lead to more Aβ accumulation in the brain (Serot et al., 1997; 
Chen et al., 2005). 

Transport of folate and vitamin B12 from the blood to the CSF 
through the choroid plexus is also decreased in AD (Ikeda et al., 1990; 
Serot et al., 2001b). Folate and vitamin B12 catalyze methylation, which 
means adding a methyl group to a substrate, and this process is for 
instance important for the formation of neurotransmitters, myelin and 
the regulation of Aβ levels (Selhub et al., 2010). Lower levels in the CSF, 
in combination with a decrease in CSF turnover, can lead to less folate 
and vitamin B12 being distributed over and supplied to the brain (Serot 
et al., 2003). Decreased expression of tight junctions on the choroid 
plexus epithelial cells has also been found in AD (Bergen et al., 2015). 
These changes are associated with increased epithelial leakage, which 
can in turn affect CNS homeostasis and aggravate neurodegenerative 
processes. 

1.3. The immune response in the choroid plexus during aging 

Immune cell trafficking into the CNS increases with age (Baruch 
et al., 2015). An important component of the immune response are 
T-lymphocytes recognizing antigens in the CNS, which is important to 
maintain the integrity of the CNS, and support neurogenesis, neuro-
trophic factor production, and hippocampus-dependent learning and 
memory (Ziv et al., 2006; Moalem et al., 1999). T-lymphocytes accu-
mulate at the choroid plexus (Engelhardt and Ransohoff, 2005). As the 
choroid plexus is involved in the communication between the blood and 
CSF, T-lymphocytes at the choroid plexus can react to antigens in the 
CSF, and subsequently release cytokines that influence the choroid 
plexus epithelial cells and the CNS (Emerich et al., 2005). The choroid 
plexus was demonstrated to contain CNS-specific CD4+ memory cells, 
which contain receptors for T-lymphocytes that specifically react to 
antigens in the CNS, and mainly secrete the cytokine interleukin-4 
(IL-4), which is involved in neuroprotection (Baruch et al., 2013). 

During aging, T-lymphocytes in the choroid plexus maintain their 
CNS specificity, but the response shifts towards the T-helper type 2 
(Th2) cells (Baruch et al., 2013). The Th2 response increases the amount 
of IL-4 that is released into the CSF (Shearer, 1997). However, over-
expression of IL-4 actually has a detrimental effect on CNS homeostasis, 
and consequently, brain functioning. Low levels of IL-4 would normally 
induce BDNF production, which is beneficial for CNS homeostasis, while 
high levels of IL-4 lead to BDNF dysregulation. Also, high levels of IL-4 
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induce the production of C-C motif chemokine 11 (CCL11) which sup-
presses IL-4 and interferes with IL-4 signaling (Stevenson et al., 2009). It 
has been demonstrated that the immune response mediated by T-lym-
phocytes is important for hippocampus-related cognitive functions (Ziv 
et al., 2006; Kesslak et al., 1998), and it was suggested that dysregula-
tion of T-lymphocyte signaling at the choroid plexus epithelial cells 
could be a cause of age-related cognitive decline (Baruch et al., 2013). 

1.4. The relevance of the development of imaging techniques for the 
central nervous system barriers 

Homeostasis in the CNS is dependent on the dynamics between the 
neurofluids, a collective name for all fluids inside the CNS, namely the 
blood, CSF and ISF (Agarwal et al., 2019). Several diseases have been 
associated with a disturbance in neurofluid dynamics, such as sleep 
disorders (DiNuzzo and Nedergaard, 2017), AD (Schubert et al., 2019), 
Parkinson’s disease (Sundaram et al., 2019), traumatic brain injury 
(Christensen et al., 2020) and stroke (Gaberel et al., 2014). A distur-
bance in neurofluid dynamics can be caused by BBB disruption, BCSFB 
disruption and/or glymphatic dysfunction. The glymphatic system is a 
waste clearance system using the microcirculation of the CSF. Some 
publications report that CSF is exchanged with ISF due to convective 
flow from the para-arterial to the paravenous spaces, to clear solutes 
from the interstitial space (Iliff et al., 2012; Kress et al., 2014). Recently, 
however, other researchers claim that the evidence for convective flow 
in the brain parenchyma is lacking (Smith and Verkman, 2019; Abbott 
et al., 2018). It has been proposed that convective flow in the 
para-arterial spaces allows CSF to enter the brain parenchyma, but CSF 
moves through the interstitial space and exchanges with ISF through 
diffusion rather than convective flow (Abbott et al., 2018). Diseases in 
which BBB disruption, BCSFB disruption and/or glymphatic dysfunc-
tion, and thus disturbance in neurofluid dynamics, are involved can be 
grouped under the term CNS interstitial fluidopathies (Taoka and 
Naganawa, 2020). The development of dedicated imaging techniques to 
obtain specific information on the dynamics between neurofluids may 
help in understanding the underlying pathophysiology of CNS intersti-
tial fluidopathies, and might even help in the development of novel 
common treatment options. 

1.5. Assessing barrier permeability 

Studies into BCSFB disruption mostly use the CSF/serum albumin 
ratio as an index of BCSFB integrity, in which the level of the blood- 
specific protein albumin is measured in the CSF by lumbar puncture 
and in the serum by venipuncture (Ott et al., 2018; Chalbot et al., 2011; 
Goldim et al., 2019; Okamura et al., 2010). For the in vivo assessment of 
BBB disruption, however, an increasingly used method is dynamic 
contrast-enhanced (DCE) MRI, in which a gadolinium-based contrast 
agent (GBCA) is intravenously injected during scanning. The transfer of 
the contrast from the blood plasma into the brain tissue is measured over 
time, after which pharmacokinetic modelling is used to separate the 
blood component from the tissue component and calculate the leakage 
rate (Raja et al., 2018). Unlike the CSF/serum albumin ratio, DCE MRI 
can measure very subtle leakage in a specific brain region, and can 
therefore separate BBB disruption from BCSFB disruption (van de Haar 
et al., 2014). 

The detection of contrast enhancement on MRI to calculate BBB 
leakage has produced interesting results and provided new insights into 
the role of BBB disruption in aging and neurodegeneration (van de Haar 
et al., 2014; Verheggen et al., 2020a). This approach may also be useful 
for calculating BCSFB leakage, but this has been given less attention. 
Therefore, this paper explores how contrast enhancement on MRI can be 
used to assess BCSFB permeability. For this purpose, we conducted a 
literature review to make an inventory of methods using contrast 
enhancement on MRI for BCSFB permeability assessment, and to sum-
marize the findings of the available studies. 

2. Methods 

To explore how contrast enhancement on MRI is being used to assess 
BCSFB permeability, a literature search was conducted in the PubMed 
database. The search terms blood-cerebrospinal fluid barrier (using MeSH 
terminology and the synonyms blood-cerebrospinal fluid, blood-CSF bar-
rier, blood-CSF, BCSFB, BCB, or choroid plexus), contrast agent (using 
MeSH terminology and the synonyms contrast, contrast-enhanced, or 
gadolinium) and MRI (using MeSH terminology and the synonyms mag-
netic resonance imaging, imaging, or MR imaging) were used. Papers from 
the years 2000 up to and including 2020 written in English were 
included in the search. The search produced in total 254 results. 

All 254 papers were screened using the title and abstract to check 
whether they actually applied contrast-enhanced MRI to assess BCSFB 
function. Papers were included when they met the following inclusion 
criteria: 1) reporting an original study. 2) combining MRI with admin-
istration of some type of contrast agent. 3) Investigating BCSFB 
permeability by assessing contrast enhancement dynamics at the 
choroid plexus and/or ventricular system. 

After this screening, 20 papers remained. These papers were fully 
read and cross-referencing was used. From each study, we extracted the 
following information: sample, age of participants in human studies, 
MRI technique, contrast agent type and dosage, injection method, im-
aging delay time after contrast injection and indicator of BCSFB 
permeability. In the sections below, we describe the main findings of 
each study to give a complete summary of what has already been done 
and what can already be concluded regarding the use of contrast 
enhancement on MRI to assess BCSFB permeability. 

3. Results 

3.1. Animal studies 

See Table 1 for a summary of the included animal studies. 

3.1.1. Gadolinium enhancement in the ventricles 
Nixon et al. (2008) used post-contrast T1-weighted MRI immediately 

after intravenous administration of a GBCA and assessed the hyperin-
tense volume in the ventricles. Hyperintense areas were manually 
defined and the intensities of those pixels summed. The authors 
demonstrated that the GBCA was evenly distributed throughout the 
ventricles of healthy rats given ethanol and thiamine-depleted rats given 
glucose (Nixon et al., 2008). They conclude that GBCA must have 
entered the ventricles through the choroid plexus, and impairment in the 
choroid plexus seems to be an early event in ethanol intoxication and 
alcoholism. 

Batra et al. (2010) used fluid-attenuated inversion recovery (FLAIR) 
before and 10 min after intravenous administration of a GBCA in rats 
that underwent unilateral middle cerebral artery occlusion (MCAO) or 
sham surgery. Contrast injection and imaging were performed 1 h, 24 h 
or 48 h after reperfusion. BCSFB permeability was measured using the 
change in signal intensity in the ventricles from the pre-contrast to post- 
contrast images, with normalization by pre-contrast values. Change in 
signal intensity in the ventricles of the MCAO rats was compared to the 
intensity change in the sham rats. The 1 -h, 24 -h and 48 -h groups had 
significantly more gadolinium enhancement than the sham group. The 
authors also investigated whether the matrix metalloproteinases 2 and 9 
(MMP-2 and MMP-9), which are often found after a stroke (Montaner 
et al., 2001), are associated with BBB and BCSFB disruption (Batra et al., 
2010). Plasma MMP-9 levels were indeed significantly correlated with 
gadolinium enhancement in the ventricles in the 1 -h group, so plasma 
MMP-9 could be indicative of acute BCSFB disruption. The authors 
emphasize the research opportunities of early BCSFB disruption, and the 
possibility of combining imaging markers such as post-contrast FLAIR 
gadolinium enhancement with blood biomarkers. 

Saito et al. (2011) investigated whether changes in BBB and BCSFB 
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integrity in prenatally irradiated rats could be detected using pre- and 
post-contrast T1-weighted MRI with intravenous administration of a 
GBCA and perfusion MRI (Saito et al., 2011). Signal intensity after GBCA 
administration was divided by signal intensity before GBCA adminis-
tration to obtain the gadolinium enhancement ratio. No significant 
enhancement ratio was found in the ventricles after administration of 
GBCA, but perfusion MRI did demonstrate decreased cerebral blood 
flow, which the authors attributed to abnormal capillaries and arteries. 
These results were explained as the prenatally irradiated rats having a 
normally formed BBB and BCSFB, but immature capillary development. 

Ichikawa et al. (2011) used T1-weighted MRI before and 5 min after 
intravenous administration of a GBCA, to investigate early changes in 
CNS barrier permeability in rats with induced meningitis (Ichikawa and 
Itoh, 2011). The gadolinium enhancement ratio was calculated by the 
change in signal intensity due to the GBCA relative to the native signal 
intensity (Ichikawa et al., 2010). However, while meningitis is associ-
ated with BBB disruption (Pfister et al., 1994), the authors did not 
observe a significant gadolinium enhancement ratio in the lateral ven-
tricles indicative of BCSFB disruption. A significant enhancement ratio 
was found in the subarachnoid space, indicating that GBCAs could cross 
the arachnoid membrane (Ichikawa and Itoh, 2011). 

Yang et al. (2019) investigated whether the multiple PDZ-domain 
(MPDZ) gene is important for the integrity of the BCSFB (Yang et al., 
2019). The MPDZ protein is located close to the tight junctions of the 
choroid plexus epithelial cells and mutations in the MPDZ gene have 
been associated with hydrocephalus, which involves impairment in CSF 
circulation and causes CSF to accumulate in the ventricles (Feldner 
et al., 2017). The authors used T1-weighted MRI immediately after 
intravenous administration of a GBCA (Yang et al., 2019) in normal mice 
and MPDZ-knockout mice (Milner et al., 2015). The gadolinium 
enhancement ratio was calculated as the total intensity divided by the 
difference between the maximum and minimum intensity. Only in the 
MPDZ-knockout mice, significant gadolinium enhancement was found 
in the ventricles, and this GBCA leakage was attributed to choroid plexus 
epithelial cell deficits, demonstrating that the MPDZ gene is indeed 
important for choroid plexus integrity and function. 

3.1.2. New techniques 
Jost et al. (2016) used gadolinium enhancement to investigate how 

substances can infiltrate the CSF in healthy rats, so in the absence of a 
disorder or genetic deficit impairing BCSFB integrity. Therefore, a more 
sensitive method to measure more subtle leakage was needed (Jost et al., 

Table 1 
Overview of included animal studies.  

Study Sample MRI technique Contrast agent 
type and dosage 

Injection 
method 

Imaging delay time 
after contrast 
injection 

Indicator of BCSFB permeability 

Nixon 
et al. 
(2008) 

141 healthy, female 
rats 

Post-contrast T1- 
weighted 

100 μl of 20 % 
solution Gd-DTPA 

Intravenous Immediately after Hyperintense volume in the ventricles 

Batra et al. 
(2010) 

Male, spontaneously 
hypertensive rats 
6 naive 
6 sham surgery 
6 MCAO, 1 h since 
reperfusion 
6 MCAO, 24 h since 
reperfusion 
6 MCAO, 48 h since 
reperfusion 

Pre- and post- 
contrast FLAIR 

0.2 ml Gd-DTPA Intravenous 10 min Gadolinium enhancement ratio of the ventricles: 
change in intensity from the pre-contrast to post- 
contrast, with normalization by pre-contrast values 

Saito et al. 
(2011) 

20 neonatal, male rats Pre- and post- 
contrast T1- 
weighted 

0.004 ml/g Gd- 
DTPA 

Intravenous During Gadolinium enhancement ratio of the ventricles: 
intensity after contrast divided by intensity before 
contrast 

Ichikawa 
et al. 
(2011) 

45 male rats with 
induced meningitis 

Pre- and post- 
contrast T1- 
weigthed 

0.2 mmol/kg Gd- 
DTPA 

Intravenous 5 min Gadolinium enhancement ratio of the lateral 
ventricles: change in intensity due to contrast 
compared to the native signal 

Yang et al. 
(2019) 

112 mice with 10 
MPDZ knockout 

Post-contrast T1- 
weighted 

0.1 mmol/kg Gd- 
DTPA 

Intravenous Immediately after Gadolinium enhancement ratio of the ventricles: 
total intensity divided by the difference between 
maximum and minimum intensity 

Jost et al. 
(2016) 

18 healthy, male rats Pre- and post- 
contrast hT2w- 
FLAIR 

5 GBCA groups 1 
mmol Gd/kg 

Intravenous 1 min Qualitative evaluation of intensity increase in the 
CSF spaces 

Jost et al. 
(2017) 

48 healthy, male rats Pre- and post- 
contrast hT2w- 
FLAIR 

7 GBCA groups 1.8 
mmol Gd/kg 

Intravenous 9 and 24 min and 4 h Gadolinium enhancement ratio of the CSF cavities: 
change in intensity from pre-contrast to post- 
contrast 

Nathoo 
et al. 
(2016) 

Male rats 
2 cold injury model 
5 LPS treated 
7 hypoxia 

Pre- and post- 
contrast T1- 
weighted 

0.5 mmol/kg 
gadodiamide 

Intravenous Immediately after Average intensity in the ventricles and 
periventricular structures of a series of pre-contrast 
images and a series of post-contrast images 

Aoki et al. 
(2004) 

28 male, healthy rats Pre- and post- 
contrast T1- 
weighted 

884.3 μmol/kg 
MnCl2 

Intravenous 0− 2 hours, 1 day, 2 
or 4 days or 2 weeks 

Change in intensity from the pre-contrast to post- 
contrast images in the choroid plexus, ventricles and 
CVOs 

Millward 
et al. 
(2013) 

16 female mice from a 
MS mouse model 

Pre- and post- 
contrast T2*- 
weighted 

0.2 mmol/kg 
VSOPs 

Intravenous 24 h Presence of hypointense lesions in the choroid plexus 
compared to pre-contrast 

Millward 
et al. 
(2019) 

18 female mice from a 
MS mouse model 

Pre- and post- 
contrast T2*- 
weighted 

0.2 mmol/kg eu- 
VSOPs 

Intravenous 24 h Presence of hypointense lesions in the choroid plexus 
compared to pre-contrast 

Abbreviations: Gd-DTPA = gadopentetate dimeglumine (gadolinium- diethylenetriamine pentaacetic acid); FLAIR = fluid-attenuated inversion recovery; MCAO =
middle cerebral artery occlusion; MPDZ = gene for the multiple PDZ-domain protein; GBCA = gadolinium-based contrast agent; hT2w-FLAIR = heavily T2-weighted 
FLAIR; LPS = lipopolysaccharide (causing inflammation); MnCl2 = manganese chloride; CVOs = circumventricular organs; MS = multiple sclerosis; VSOPs = very 
small superparamagnetic iron oxide particles. 
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2016). Heavily T2-weighted fluid-attenuated inversion recovery 
(hT2w-FLAIR) was applied before and 1 min after intravenous admin-
istration of a GBCA, as this technique is especially sensitive to detect low 
concentrations of GBCA within the CSF (Naganawa et al., 2010; Freeze 
et al., 2019). The authors compared intravenous administration of three 
linear and two macrocyclic GBCAs (Jost et al., 2016). On T1-weighted 
images, no gadolinium enhancement could be detected, but with 
hT2w-FLAIR, qualitative evaluation demonstrated that signal intensity 
in the CSF spaces (arachnoid space, cerebral aqueduct and inner audi-
tory canal) increased after GBCA administration for each type of GBCA. 

Jost et al. (2016) noted that they may not have included the time 
point of maximal enhancement, and could not determine the precise 
location of infiltration from GBCAs into the brain (Jost et al., 2016). 
Therefore, in a subsequent study, Jost et al. (2017) elaborated on their 
previous study by investigating whether the blood-CSF pathway could 
be an alternative route for GBCAs to enter the brain (Jost et al., 2017). 
HT2w-FLAIR MRI was performed in healthy rats before and 1 min after 
intravenous administration, with temporal evaluations at 9 and 25 min 
after administration, and again 4 h after administration. Signal intensity 
in the CSF cavities (third and fourth ventricles, subarachnoid space and 
cerebral aqueduct) increased significantly from pre-contrast to 
post-contrast images. Signal intensity increased at the fastest rate in the 
ventricles and cerebral aqueduct, which supports the idea that GBCAs 
enter the CNS through the choroid plexus. 

By modelling the time course of the spread of a GBCA with DCE MRI, 
BBB leakage in a single voxel can potentially be calculated, but this 
requires modelling assumptions (Roberts and Mikulis, 2007). Nathoo 
et al. (2016) developed a novel, voxel-based analysis technique to 
visualize BBB leakage at the level of a single voxel, that does not require 
any modelling assumption (Nathoo et al., 2016). With this technique, 
the average signal intensity of a series of pre-contrast T1-weighted im-
ages before intravenous administration of a GBCA and a series of 
post-contrast T1-weighted images was calculated, and statistically 
compared. This technique would prevent selection of an arbitrary ROI, 
which could be beneficial for investigating processes such as hypoxia 
that lead to nonspecific and diffuse BBB disruption (Natah et al., 2009). 
Though the aim was to assess BBB disruption, the application of this 
technique in rats with induced cortical injury, hypoxia or 
lipopolysaccharide-associated inflammation, demonstrated major 
BCSFB disruption in hypoxia and inflammation, with increased GBCA 
transfer into the ventricles and periventricular enhancement (Nathoo 
et al., 2016). 

3.1.3. Other contrast agents 
In MRI studies, gadolinium compounds are most frequently used as 

contrast agent, but other contrast agents are available. Manganese ions, 
for instance, demonstrate T1-shortening in tissues and appear hyperin-
tense on post-contrast T1-weighted images (Wesolowski and Kaiser, 
2016). While gadolinium has a short window of enhancement, manga-
nese enhancement persists beyond this window. Post-contrast man-
ganese-enhanced imaging always takes place at least 30 min after 
contrast administration. Aoki et al. (2004) used T1-weighted MRI before 
and at various time intervals after intravenous administration of a 
manganese chloride solution in healthy rats (Aoki et al., 2004). The 
authors demonstrated increased signal intensity compared to the 
pre-contrast images in the choroid plexus 10 min after administration, 
followed by the ventricles and circumventricular organs (CVOs). 

In the field of experimental biomedical imaging, attempts are being 
made to discover new contrast agents that have relevant T1 and T2 
contrast properties and can be detected by both MRI and optical imag-
ing. Millward et al. (2013) tried to detect inflammatory lesions at the 
BCSFB at an early stage in a mouse model of multiple sclerosis (Millward 
et al., 2013). Intravenous administration of very small super-
paramagnetic iron oxide particles (VSOPs) was used, as these particles 
can be phagocytosed (Stroh et al., 2006) and efficiently extravasated, 
and highlight barrier disruptions (Wuerfel et al., 2007). VSOPs 

accumulated in the choroid plexus of mice with T-cell transfer, but 
without clinical signs of overt inflammation, although this accumulation 
could only be detected with histology, and not with MRI (Millward et al., 
2013). This accumulation could not be explained by normal diffusion, as 
it was absent in mice without T-cell transfer. These results indicate that 
the choroid plexus may be a site for early pathological changes in the 
immune response of the CNS. At peak disease, VSOP accumulation in the 
choroid plexus could be detected as hypointense lesions visible on 
T2*-weighted images 24 h after intravenous administration, that were 
not present on pre-contrast images. In a later study, Millward et al. 
(2019) used europium-doped VSOPs (eu-VSOPs), which have fluores-
cent properties and can also be detected with fluorescence microscopy 
(Millward et al., 2019; Kobayashi et al., 2017). 24 h after intravenous 
administration, T2*-weighted imaging demonstrated eu-VSOPS accu-
mulation in the choroid plexus in the mouse model of multiple sclerosis. 
Moreover, the hypointense lesions indicating eu-VSOP accumulation 
were absent during the remission phase, while mice did show eu-VSOPs 
enhancement during relapse. 

3.2. Human studies 

See Table 2 for a summary of the included human studies. 
Hsu et al. (2005) reported on two cases (a child with craniosynos-

thosis and hydrocephalus and a man with focal seizure) showing diffuse 
CSF enhancement on post-contrast T1-weighted MRI immediately after 
intravenous administration of a GBCA compared with the pre-contrast 
T1-weighted images (Hsu and Chen, 2005). The authors considered 
CSF enhancement to be a rare phenomenon that implies BCSFB break-
down, but speculated that, due to developments such as imaging with a 
longer delay after contrast administration (KNUTZON et al., 1991) and 
the use of FLAIR MRI which is more sensitive to low gadolinium con-
centrations (Bozzao et al., 2003; Dechambre et al., 2000), CSF 
enhancement may become more commonly recognized than before. 

3.2.1. Gadolinium enhancement with contrast-enhanced perfusion imaging 
Kao et al. (2003) were the first to demonstrate gadolinium entering 

the CSF in the lateral ventricles through the choroid plexus after an 
intravenous GBCA bolus injection in healthy participants (Kao et al., 
2003). Dynamic-susceptibility-contrast (DSC) MR perfusion imaging 
immediately after intravenous administration of a GBCA was used to 
measure the spatiotemporal contrast distribution (Rempp et al., 1994). 
Independent component analysis (Hyvärinen and Oja, 2000) with 
thresholding and Bayesian estimation was then used to provide a seg-
mentation of brain tissues. Post-contrast imaging was conducted for 70 
s, and the results showed gadolinium enhancement in the lateral ven-
tricles delayed by several seconds compared to enhancement in the ar-
teries and white and grey matter, which the authors interpreted as GBCA 
passage through the BCSFB. Later, Wu et al. (2007) obtained similar 
results using DSC MR perfusion imaging immediately after intravenous 
administration of a GBCA in healthy participants and post-contrast im-
aging conducted for 70 s, combined with multivariate Gaussians 
(Bishop, 1995) and the expectation maximization algorithm (Dempster 
et al., 1977; Wu et al., 2007). 

Bouzerar et al. (2013) investigated choroid plexus functionality 
using DSC MR perfusion imaging after the first-passage of an intrave-
nous GBCA bolus injection in patients with small cerebral lesions 
(Bouzerar et al., 2013). These authors found no relation between age 
and cerebral blood volume or cerebral blood flow in the choroid plexus 
(Bouzerar et al., 2013). However, choroidal capillary permeability 
significantly decreased with age, which is in accordance with CSF 
secretion significantly decreasing with age (May et al., 1990). Decrease 
in capillary permeability could be due to a decrease in the exchange area 
or thickening of the capillary basement membrane (Serot et al., 2001a). 
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3.2.2. Gadolinium enhancement with post-contrast T1-weighted and post- 
contrast FLAIR imaging 

Kim et al. (2020) aimed to investigate changes in choroid plexus 
permeability in multiple sclerosis (MS) and neuromyelitis optica spec-
trum disorder (NMOSD) (Kim et al., 2020), as these are 
immune-mediated CNS disorders and the choroid plexus is known to 
regulate the immune response (Baecher-Allan et al., 2018). Using 
T1-weighted imaging immediately after intravenous administration of a 
GBCA, the ratio between signal intensity in the brightest part of the 
choroid plexus and the adjacent white matter was calculated. This 
enhancement ratio was indeed higher for patients with MS and NMSOD 
relative to healthy controls (Kim et al., 2020). Due to the absence of a 
BBB, the choroid plexus always shows enhancement after contrast 
administration, but the authors state that processes increasing perme-
ability in the choroid plexus capillaries and the BCSFB potentiate 
contrast extravasation and increase gadolinium enhancement. 

3.2.3. Longer delay times 
As contrast agent distribution over the CSF takes time, delayed 

gadolinium imaging, beyond the usual time of approximately 10 min 
after contrast administration, could be implemented to obtain a better 
understanding of the CSF pathways (Naganawa et al., 2014). 

The discovery of the glymphatic system has led to a renewed interest 
in waste clearance from the brain (Eide et al., 2019; Verheggen et al., 
2018). Eide et al. (2019) used pre- and post-contrast T1-weighted MRI 
with a longer delay after intrathecal administration of a GBCA to 
investigate clearance through the choroid plexus (Eide et al., 2019). 
While previous studies focused on GBCA entering the CSF (Jost et al., 
2017; Hsu and Chen, 2005; Kao et al., 2003), this study focused on GBCA 
being removed from the CSF. Using pre- and post-contrast T1-weighted 
MRI, they demonstrated increased signal intensity in the choroid plexus 
and lateral ventricles at 6− 9 hours and 24 h after intrathecal contrast 
administration. This was said to indicate that the choroid plexus is 
involved in clearance from the brain. The enhancement was stronger in 
idiopathic normal pressure hydrocephalus (iNPH) patients, indicating a 
slower clearance rate. 

3.2.4. New techniques 
So far, studies have primarily been performed in patients with 

neurologic diseases, for instance in conditions such as acute stroke 
(Renú et al., 2017), MS (Kim et al., 2020), or iNPH (Eide and Ringstad, 
2019). More sensitive imaging sequences are needed to investigate 
subtle changes in BCSFB permeability in healthy individuals. 

Deike-Hofman et al. (2019) used hT2w-FLAIR, sensitive to subtle 

Table 2 
Overview of included human studies.  

Study Sample Age in years MRI 
technique 

Contrast agent 
type and dosage 

Injection 
method 

Imaging delay 
time after 
contrast injection 

Indicator of BCSFB permeability 

Hsu et al. 
(2005) 

Child with 
craniosynosthosis and 
hydrocephalus 
Man with focal seizure 

5 and 52 Pre- and post- 
contrast T1- 
weighted 

0.1 mmol/kg 
magnevist 

Intravenous Immediately 
after 

Presence of diffuse CSF 
enhancement compared to pre- 
contrast 

Kao et al. 
(2003) 

5 healthy participants Age range: 18− 47 DSC MR 
perfusion 

20 ml 0.5 mmol/ 
mL Gd-DTPA- 
BMA 

Intravenous Immediately 
after 

Hemodynamic parameter 
calculation of the lateral 
ventricles 

Wu et al. 
(2007) 

5 healthy participants Age range: 18− 47 DSC MR 
perfusion 

20 ml 0.5 mmol/ 
mL Gd-DTPA- 
BMA 

Intravenous Immediately 
after 

Hemodynamic parameter 
calculation of the lateral 
ventricles 

Bouzerar 
et al. 
(2013) 

15 patients with small 
cerebral lesions 

Age range: 21− 68 DSC MR 
perfusion 

0.1 ml/kg Gd- 
DOTA 

Intravenous Immediately 
after 

Hemodynamic parameter 
calculation of the choroid plexus 

Kim et al. 
(2020) 

51 MS patients 
32 NMOSD patients 
28 healthy controls 

Median age MS: 39 
Median age 
NMSOD: 50 
Median age healthy 
controls: 48 

Post-contrast 
T1-weighted 

Gadolinium- 
based 

Intravenous Immediately 
after 

Ratio between intensity in the 
brightest part of the choroid 
plexus and adjacent white matter 

Eide et al. 
(2019) 

8 healthy controls 
9 iNPH patients 

Mean age healthy 
controls: 38 
Mean age iNPH 
patients: 68 

Pre- and post- 
contrast T1- 
weighted 

0.5 ml 1.0 mmol/ 
mL gadobutrol 

Intrathecal 1.5− 2, 2− 4, 4− 6, 
6− 9, 
24 and 48 h 

Larger intensity increase in the 
choroid plexus and lateral 
ventricles after a longer delay time 
means impaired clearance 
function at the BCSFB 

Deike- 
Hofman 
et al. 
(2019) 

7 patients with 
cerebral metastases 
33 neurologically 
healthy patients 

Mean age cerebral 
metastases 
patients: 66 
Mean age 
neurologically 
healthy patients: 
64 

Pre- and post- 
contrast 
hT2w-FLAIR 

0.1 ml/kg 
gadovist 

Intravenous 3 and 24 h Intensity increase in the choroid 
plexus and CSF cavities 

Ohashi et al. 
(2020) 

26 patients with 
suspected 
endolymphatic 
hydrops 

Age range: 21− 80 
years 

3D-real-IR 0.1 mmol/kg Gd- 
HP-DO3A 

Intravenous 5 min and 4 h Intensity increase in the lateral 
ventricle, Sylvian fissure and 
cisterns 

Sudarshana 
et al. 
(2019) 

8 healthy participants Age range: 18− 70 
years 

Pre- and post- 
contrast 
MEMRI 

5 μmol/kg 
Mangafodipir 
trisodium 

Intravenous 0− 2, 4 and/or 6 h 
1, 2, 3, 4, 5, 6 
and/or 7 days 
1, 2 and/or 3 
months 

Intensity increase in the choroid 
plexus 

Abbreviations: DSC = dynamic-susceptibility-contrast; Gd-DTPA-BMA = gadodiamide (gadolinium- diethylenetriamine pentaacetic acid bismethylamide); Gd-DOTA 
= gadoterate meglumine (gadolinium- dodecane tetraacetic acid); SWI = susceptibility-weighted imaging; FLAIR = fluid-attenuated inversion recovery; Gd-DTPA =
gadopentetate dimeglumine (gadolinium- diethylenetriamine pentaacetic acid); MS = multiple sclerosis; NMSOD = neuromyelitis optica spectrum disorder; iNPH =
idiopathic normal pressure hydrocephalus; hT2w-FLAIR = heavily T2-weighted FLAIR; 3D-real-IR = three-dimensional-real inversion recovery; Gd-HP-DO3A =
gadoteridol (gadolinium-1,4,7- tris (carboxymethyl)-10-(2’ hydroxypropyl)-1,4,7-10-tetraazacyclododecane); MEMRI = manganese-enhanced MRI. 
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gadolinium enhancement in the CSF, before, and 3 and 24 h after 
intravenous administration of a GBCA (Deike-Hofmann et al., 2019). 
GBCA distribution through the CNS was visualized and tracked in 
neurologically healthy patients (Fig. 2) and patients with known BBB 
disruption. 

Increase in signal intensity in the post-contrast images compared to 
the pre-contrast images was calculated. The results demonstrated that 
the choroid plexus is an important point of entry of GBCAs into the CSF, 
which implies that the notion of intravenous substances infiltrating the 
CNS only through BBB disruption needs to be revised. Prolonged pres-
ence of GBCAs in the CSF cavities and increased and prolonged 
enhancement of the perivascular spaces (Freeze et al., 2017; Naganawa 
et al., 2017) might be an indicator of glymphatic dysfunction. This GBCA 
enhancement being associated with the presence of white matter 
hyperintensities could imply that imaging features of the glymphatic 
system could have diagnostic value. The study follows the pathway of 
intact gadolinium complexes through the brain, which might become a 
diagnostic tool for glymphatic system assessment, and differs from 
permanent depositions of released gadolinium in the brain (Rasschaert 
et al., 2020). 

GBCAs can end up in the CSF (Naganawa et al., 2017) or brain pa-
renchyma (Kanda et al., 2014), even in healthy individuals. In a recent 
study, Ohashi et al. (2020) speculated that the pathway by which GBCAs 
end up in the CNS can be determined by measuring gadolinium 
enhancement in various CSF spaces (lateral ventricles, Sylvian fissure 
and cisterns) and in the vitreous, as enhancement is expected to be 
stronger at locations close to the leakage site (Ohashi et al., 2020). The 
choroid plexus surrounds the lateral ventricles, so if the choroid plexus is 
the main leakage site, the highest GBCA concentration would be ex-
pected in the lateral ventricles. The authors included patients with 
suspected endolymphatic hydrops, in which excessive endolymph fluid 
builds up in the inner ear, as this condition was already being evaluated 
using three-dimensional-real inversion recovery (3D-real IR) imaging. In 
3D-real IR imaging, phase-sensitive reconstruction is used instead of 
magnitude reconstruction. With phase-sensitive reconstruction, signal 
intensity is also dependent on the polarity of the magnetization, with 
more negative values displayed darker, allowing visualization of posi-
tive and negative magnetization separately (Park et al., 1986). Magni-
tude reconstruction only considers the magnitude of the magnetization, 
with values around the zero-point being darker. As CSF has a negative 
magnetization, low gadolinium concentrations can actually bring the 

value closer to the zero-point and paradoxically decrease signal intensity 
when using magnitude reconstruction. Phase-sensitive construction 
prevents this paradoxical signal loss and is better at distinguishing fluid 
compartments and tissue types (Ohashi et al., 2020; Naganawa et al., 
2019a). 3D-real IR was used before, and 5 min and 4 h after intravenous 
GBCA administration. After 4 h, significant increase in signal intensity 
compared to pre-contrast was found in all CSF locations. However, the 
signal increase was higher in the cerebral cisternal CSF than in the 
lateral ventricular CSF. The authors speculate that the choroid plexus 
could just be one part of the CSF circulation, instead of the main 
pathway of leakage into the CSF (Ohashi et al., 2020; Orešković et al., 
2017), which contradicts previous studies (Jost et al., 2017; Deike--
Hofmann et al., 2019). 

3.2.5. Other contrast agents 
The aforementioned contrast agent manganese has been gaining 

attention, but in humans, manganese can potentially be neurotoxic 
(Tuschl et al., 2013). Mangafodipir is a chelate that undergoes dephos-
phorylation and transmetallation after intravenous injection, and slowly 
releases manganese ions (Runge, 2000). Magnafodipir has been 
approved and can be used for manganese-enhanced MRI (MEMRI) in 
humans. 

Sudarshana et al. (2019) used MEMRI in healthy participants with 
T1-weighted MRI before and at various time points after intravenous 
administration of mangafodipir. (Sudarshana et al., 2019) The authors 
demonstrated that structures surrounded by the BBB did not show any 
manganese enhancement when comparing post-contrast with 
pre-contrast images, while the choroid plexus did (Sudarshana et al., 
2019; Wang et al., 1997). Signal intensity in the choroid plexus 
increased within the first hour after contrast administration, and 
reached maximum intensity after a time interval of 11− 40 min. Signal 
intensity was returned to pre-contrast level around 5–7 days after 
administration. However, as opposed to the findings in rats, the CSF and 
surroundings of the brain parenchyma did not show any manganese 
enhancement, but the manganese dose derived from mangafodipir was 
also much lower than the dose derived from manganese chloride 
delivered to rats. Manganese in the blood can be transported over the 
BBB as well as the BCSFB, but as the blood levels increase, the manga-
nese ions preferably accumulate for transport into the CSF at the choroid 
plexus (Yokel, 2009; Schmitt et al., 2011). Within the choroid plexus, 
the distribution of manganese is similar to that of gadolinium. 

Fig. 2. Gadolinium enhancement in the choroid plexus using heavily T2-weighted fluid-attenuated inversion recovery. Images obtained from a 64-year-old male 
patient with bronchial carcinoma, without neurological disorder and with normal renal function. Gadolinium enhancement after intravenous administration of a 
single dose of gadolinium-based contrast agent is detected with heavily T2-weighted fluid-attenuated inversion recovery, with first pre-contrast baseline, then 3 h 
post injection (3 h p.i.) and lastly 24 h post injection (24 h p.i.). The choroid plexus demonstrates strong contrast enhancement after 3 h (arrows) compared to 
baseline. Figure adapted from Deike-Hofman et al. (2019) (118) with permission. 
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Manganese enhancement is, however, thought to especially visualize the 
cellular components of tissue, and not the intravascular spaces, which 
may facilitate delineation of tissue borders (Fig. 3) (Sudarshana et al., 
2019). 

4. Discussion 

The role of BBB disruption in pathological disorders such as AD and 
in processes such as aging and neurodegeneration has been gaining great 
interest over the last decade (van de Haar et al., 2016; Farrall and 
Wardlaw, 2009; Freeze et al., 2020). As the BBB is important for 
exchanging vital biomolecules, blocking pathogens and clearing waste 
products from the brain tissue, BBB disruption can lead to disruption of 
homeostasis in the CNS and disturb the chemical balance required for 
neuronal functioning (Zlokovic, 2008). However, the composition of the 
CSF is also important for the balance in the CNS, and BCSFB function is 
essential in maintaining this composition (Segal, 2000). The BCSFB has 
already been demonstrated to deteriorate during aging, and this dete-
rioration is exacerbated in AD (Balusu et al., 2016; Serot et al., 2003). 
Moreover, the choroid plexus epithelial cells of the BCSFB are essential 
for T-lymphocyte signaling, which is involved in neuroprotection and 
hippocampus-dependent cognitive functions (Ziv et al., 2006; Moalem 
et al., 1999). Aging has been associated with dysregulation of 
T-lymphocyte signaling in the choroid plexus, which can have conse-
quences for CNS integrity and cognitive functioning (Baruch et al., 
2013). The role of BCSFB disruption in brain pathology and neuro-
degeneration should be further investigated, starting with a greater 
focus on imaging techniques to measure BCSFB permeability. 

4.1. Developments in contrast-enhanced MRI for blood-cerebrospinal 
fluid barrier permeability assessment 

Post-contrast T1-weighted and FLAIR imaging with intravenous 
administration of a GBCA have been used to detect gadolinium 
enhancement in the ventricles, and it was concluded that gadolinium 
can enter the CSF through the BCSFB. Most of these studies, both in 
animals and humans, were conducted under pathological conditions, 
such as genetic deficits (Yang et al., 2019), meningitis (Ichikawa and 
Itoh, 2011), acute stroke (Renú et al., 2017) or MS (Kim et al., 2020). In 
these conditions, signal intensity in the ventricles increased after 
contrast administration, which was thought to be indicative of BCSFB 
disruption. 

The presence of gadolinium in the CSF has been confirmed in a study 
that used mass spectrometry of CSF samples obtained with lumbar 
puncture from patients who had previously undergone gadolinium- 
enhanced MRI (Nehra et al., 2018). CSF samples were obtained at 
random time points after contrast-enhanced imaging, and gadolinium in 
the CSF could be detected already 1.1 h after administration, and could 
still be detected up to 24 days after administration. Moreover, patients 
were said to have an intact BBB with a CSF total protein concentration 

lower than 35 mg/dl, and even in these patients, gadolinium could be 
detected more than 10 days after administration. According to the au-
thors, this immediate and persistent gadolinium enhancement in the 
CSF, even with an intact BBB, suggests that the choroid plexus, arach-
noid granulations and glymphatic system all play a role in CSF and CNS 
gadolinium distribution. 

In vivo imaging studies are also investigating longer imaging delay 
times after contrast administration. Gadolinium enhancement was 
demonstrated to peak several hours after contrast administration 
(Naganawa et al., 2020a). To visualize the CSF pathways in the brain, 
imaging should be conducted over an extended time period. Although 
this will not give additional information on the initial blood-to-CSF 
transfer, investigating whether contrast accumulates near the choroid 
plexus after several hours can provide information on the involvement 
of the BCSFB in clearing compounds from the CSF. 

Another promising new development is the use of hT2w-FLAIR im-
aging, which is more sensitive to subtle gadolinium leakage into the CSF 
compared to regular FLAIR scans (with shorter echo times), and has 
already been successfully applied in both rats and humans (Jost et al., 
2016; Deike-Hofmann et al., 2019). 3D-real IR imaging, which takes into 
account the negative magnetization of the CSF, is another promising 
technique (Ohashi et al., 2020). Both of these techniques can be used to 
detect subtle contrast enhancement in the CSF of healthy subjects. 

Studies are also considering the use of other contrast agents than 
gadolinium. Manganese ions, for example, appear hyperintense on post- 
contrast T1-weighted images and have a longer enhancement window 
after administration compared to GBCAs (Wesolowski and Kaiser, 
2016). Manganese-enhanced (ME) MRI has demonstrated that manga-
nese accumulates in the choroid plexus in both rats and humans (Aoki 
et al., 2004; Sudarshana et al., 2019). While in the rat brain, manganese 
enhancement could also be detected in the CSF and periventricular 
structures (Aoki et al., 2004), this has not been found in humans yet, 
where lower concentrations were used (Sudarshana et al., 2019). Animal 
studies are also being conducted using VSOPs as contrast agent, as these 
particles can be used for cell labelling through phagocytosis and high-
light barrier disruptions (Millward et al., 2013). Another recent devel-
opment is the combination of MRI with optical imaging. In mice studies, 
eu-VSOPs have been administered, which have superparamagnetic as 
well as fluorescence properties, and can be used not only for 
contrast-enhanced MRI, but also for fluorescence microscopy and im-
munostaining with the advantage of being able to confirm the in vivo 
findings (Millward et al., 2019). 

It is important to note that, while this review exclusively focused on 
contrast-enhanced MRI, there could be contrast-free approaches to 
assess BCSFB integrity. A recent, important development is for instance 
the use of non-invasive, tracer-free BCSFB arterial spin labelling (ASL) 
(Evans et al., 2020). An ASL MRI sequence is used to label blood water in 
the feeding arteries and capture how this water crosses the BCSFB into 
the ventricular CSF. An ultra-long echo time is used, so that the signal 
from the blood and brain tissue will almost fully decay, while signal 

Fig. 3. Gadolinium enhancement compared to manganese enhancement. Images obtained approximately 20 min after gadolinium administration and 1 h after 
mangafodipir administration. After intravenous administration of a gadolinium-based contrast agent, enhancement can be seen in the choroid plexus (arrows), 
posterior falx cerebri (asterisk), and pineal gland (arrowhead). After intravenous administration of mangafodipir, however, the choroid glomus enhances in a 
heterogeneous manner. Note the enhancement of the vasculature (posterior falx cerebri (asterisk) where the posterior meningeal artery can be found) with gado-
linium, but not with manganese. Figure adapted from Sudarshana et al. (2019) (129) with permission. 
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from the CSF is preserved due to the long T2 relaxation time of the CSF. 
Also, low spatial resolution is used, so that small signals can be detected 
(i.e., discerned from noise) due to the relatively large voxel size, as 
partial volume effects from the surrounding brain tissue cannot influ-
ence the signal due to the ultra-long echo time. Applying this technique, 
a significantly decreased BCSFB-mediated water delivery in aged mice 
relative to adult mice was found, and the authors state that these find-
ings suggest that BCSFB function might play an important role in the 
initial stages of neurodegeneration and might meet the urgent need for 
early biomarkers of neurodegeneration. BCSFB ASL still needs to be 
investigated in the human brain, and it would be interesting if future 
studies could compare this promising method to the contrast-enhanced 
MRI methods described in this review. 

4.2. Limitations 

While the present review provides a comprehensive overview of the 
available studies that assessed BCSFB permeability with contrast- 
enhanced MRI, there are several limitations that complicate the inter-
pretation of the reported findings. Firstly, the presence of contrast ma-
terial in the CSF does not necessarily have to imply BCSFB breakdown, 
as there are alternative routes through which contrast agents can reach 
the CSF (Naganawa et al., 2020a). For example, BBB breakdown could 
be another route, although contrast agents passing from the blood into 
the brain parenchyma and then being cleared into the CSF is generally 
thought to take longer (Gaohua et al., 2016). Other points through 
which contrast agents can enter the CSF, even in healthy conditions, are 
the anterior eye segment (Naganawa et al., 2011), the peripheral part of 
the cranial nerves (Naganawa et al., 2014) and the CVOs (Verheggen 
et al., 2020b). Also, several recent studies have demonstrated that 
intravenously administered contrast agent can leak from the cortical 
veins into the surrounding CSF (Naganawa et al., 2019b; Naganawa 
et al., 2020b, 2020c). The contrast agent can permeate the sparse pial 
sheath of the venous wall of the cortical veins into the subarachnoid 
space. With longer delay after contrast administration, the contrast 
agent can also be distributed over the CSF by the glymphatic system (Iliff 
et al., 2013). Recently, the existence of meningeal lymphatic vessels 
along the superior sagittal sinus was discovered (Aspelund et al., 2015; 
Wu et al., 2021). These meningeal lymphatic vessels are thought to drain 
CSF into the cervical lymph nodes, and are for instance involved in the 
clearance of Aβ (Da Mesquita et al., 2018; Naganawa and Taoka, 2020). 
CSF enhancement could thus be attributed to a mix of BBB disruption, 
BCSFB disruption and glymphatic dysfunction (Naganawa et al., 2020a). 

Secondly, CSF contrast enhancement is not only related to contrast 
agent entering the CSF, but probably also to the CSF secretion rate and 
turnover. Especially at longer delay times after contrast administration, 
any leaked contrast will remain in the CSF longer when the CSF clear-
ance rate is lower (Pul et al., 2015). 

Thirdly, the extent of CSF enhancement due to BCSFB disruption is 
probably dependent on the contrast agent dosage, the specific MR 
sequence parameters used, and the assessment method of CSF 
enhancement (i.e., visual inspection, contrast enhancement ratio, he-
modynamic parameter calculation, etc.). For this reason, it is very 
difficult to directly compare the findings of the individual studies in this 
review. 

Finally, the detection of contrast extravasation at the level of the 
choroid plexus does not necessarily have to indicate BCSFB disruption, 
as it is part of normal choroid plexus and BCSFB functioning to secrete 
filtrated blood plasma into the CSF (Balusu et al., 2016). Also, several 
studies conducted in healthy animals and humans have demonstrated 
post-contrast changes at the level of the choroid plexus and ventricles 
(Jost et al., 2017; Deike-Hofmann et al., 2019; Ohashi et al., 2020). 
When using contrast-enhanced MRI to assess BCSFB functioning, it re-
mains unclear to what extent the findings can be attributed to normal 
functioning, or BCSFB disruption. Future studies should therefore 
include appropriate control samples for comparison. 

4.3. Conclusion 

The BCSFB is involved in the composition of the CSF and thus the 
maintenance of homeostasis in the CNS, but how BCSFB disruption re-
lates to age-related neurodegeneration is underassessed. This review 
focused on how contrast enhancement on MRI has been used to assess 
BCSFB permeability. Post-contrast gadolinium enhancement in the 
ventricles has revealed BCSFB disruption and new techniques are being 
developed, for instance imaging sequences that are highly sensitive to 
the CSF (hT2w-FLAIR, 3D-real IR) or the use of contrast agents other 
than gadolinium-based compounds (manganese, VSOPs). By further 
promoting these sorts of developments, we believe much progress can 
still be made in the assessment of BCSFB integrity. 
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