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The unexpected appearance of Tq hyperintensities, mostly in the dentate nucleus and the globus pallidus, during non-
enhanced MRI was reported in 2014. This effect is associated with prior repeated administrations of gadolinium (Gd)-
based contrast agents (GBCAs) in patients with a functional blood—brain barrier (BBB). It is widely assumed that GBCAs do
not cross the intact BBB, but the observation of these hypersignals raises questions regarding this assumption. This review
critically discusses the mechanisms of Gd accumulation in the brain with regard to access pathways, Gd species, tissue dis-
tribution, and subcellular location. We propose the hypothesis that there is early access of Gd species to cerebrospinal
fluid, followed by passive diffusion into the brain parenchyma close to the cerebral ventricles. When accessing areas rich in
endogenous metals or phosphorus, the less kinetically stable GBCAs would dissociate, and Gd would bind to endogenous
macromolecules, and/or precipitate within the brain tissue. It is also proposed that Gd species enter the brain parenchyma
along penetrating cortical arteries in periarterial pial-glial basement membranes and leave the brain along intramural peri-
arterial drainage (IPAD) pathways. Lastly, Gd/GBCAs may access the brain parenchyma directly from the blood through
the BBB in the walls of capillaries. It is crucial to distinguish between the physiological distribution and drainage pathways
for GBCAs and the possible dissociation of less thermodynamically/kinetically stable GBCAs that lead to long-term Gd

deposition in the brain.
Level of Evidence: 5.
Technical Efficacy Stage: 3.

ONTRAST RESOLUTION of magnetic resonance

imaging (MRI) is improved by the intravenous adminis-
tration of contrast agents. Around 30% of MRI procedures
are associated with such injections, especially for central ner-
vous system (CNS) examinations, angiography, and breast
imaging. In 2016, it was estimated that ~30 million proce-
dures per year were contrast-enhanced.'

Until recently, it was admitted that gadolinium-based
contrast agents (GBCAs) did not cross the functional blood—
brain barrier (BBB)? and were immediately cleared from the
central nervous system through venous drainage, thus all-
owing the diagnosis of tumors and other lesions where the
BBB is no longer functional.

It has been common practice for a large number of
GBCA-enhanced MR procedures to be performed for the
follow-up of benign or malignant tumors (up to 59 consecu-
tive administrations in one study,3 86 in another4).

In early 2014, a Japanese team reported gradual T,
hyperintensities in the dentate nucleus and globus pallidus on
unenhanced MR images following serial administrations of
GBCAs to patients with normal renal function.” However,
T, hyperintensities are not limited to these structures, since
additional areas of the brain are found to be enhanced,
including the anterior pituitary gland.® This was especially
noticeable in patients who received a large number of admin-
istrations of GBCA.? This causal link with tissue gadolinium
(Gd) retention was confirmed by an avalanche of nonclinical

9 and

and clinical studies,” including in pediatric patients®
healthy animals."®'* So far, there is no evidence that Gd
retention leads to any neurological disorders.”

GBCAs differ according to the molecular structure of
their polyaminopolycarboxylic ligand (linear or macrocyclic,
ionic, or nonionic/neutral) which determines their thermody-
namic properties (Table 1).

It rapidly became apparent that the gradual appearance
of a T; hypersignal in specific structures of the CNS was

almost exclusively associated with prior administrations of
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linear GBCAs.'®'” This finding, associated with the previ-
ous causal relationship of nephrogenic systemic fibrosis
with linear GBCAs,'® in patients with severe renal failure
prompted the European Medicines Agency to suspend the
marketing authorizations for intravenous linear products.19
Subsequently, the US Food and Drug Administration
(FDA), while maintaining the authorization for linear
GBCAs, recognized that these agents resulted in more
brain retention than macrocyclics.”® The FDA stated that
healthcare professionals should consider the Gd retention
characteristics of each compound when selecting a GBCA
for patients who may be at risk. The FDA also requested
radiologists to minimize repeated GBCA imaging studies
and urged companies to conduct postmarketing nonclinical
and clinical studies.?’

Using mass spectrometry, several teams reported the
presence of Gd deposits in the structures in question.”"**
Interestingly, the strength of the T; hyperintensity was corre-
lated with the number of prior administrations of GBCAs.”’
These data raised a number of important questions: 1) How
does Gd access the (even healthy) CNS parenchyma?; 2) In
which chemical form(s)?; 3) Do all molecular categories of
GBCAs behave in a similar way and, if not, why not’; 4)
Where precisely does Gd accumulate?; 5) What are the path-
ways for elimination of Gd from the brain? 6) Is this phe-
nomenon associated with toxic effects? We will focus on the
first five of these questions (1-5). So far, there is no clinical
evidence of harmful consequences of intracerebral Gd

.. 1
deposition.”!”

GADOLINIUM LOCATION AND SPECIATION
IN BRAIN TISSUES: CHEMICAL
CONSIDERATIONS

Numerous nonclinical studies performed in small (rodents) or
large (sheep, pigs) mammalian species have demonstrated that
single or repeated administration of linear GBCAs leads to
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dramatically higher concentrations of “elemental” (ie, total,
regardless of the species) Gd in brain parenchyma than do
macrocyclic GBCAs, when measured long after the last
administration (Fig. 1).1171%2327 This s yet again suggestive
of dechelation of these highly hydrophilic molecules. Interest-
ingly, the concentration of elemental Gd measured in brain
structures of rats was found to be the highest in the deep cer-
ebellar nuclei,”” which include the dentate (lateral) nuclei;
this suggests a clinical relevance for these findings.

The possibility of gradual in situ dissociation of linear
GBCAs in patients was soon proposed.”® This phenomenon
may involve the kinetic stability of GBCAs that is far higher
with macrocyclic GBCAs than with linear agents.*

In rats with renal impairment repeatedly treated with
gadodiamide, the presence of soluble and dissociated Gd (rep-
resenting around 90% of circulating elemental Gd) in plasma
was reported 6 days after the last of 20 daily injections.*®

Brain Structure Affinities for Gd and Endogenous
Metals
The question arises regarding the affinity of Gd species for
certain CNS structures. Patients who receive a large (>35)
number of administrations of linear GBCAs, and thus a
higher cumulative dose, exhibit T; hypersignals in several
brain structures (posterior thalamus, substantia nigra, red
nucleus, cerebellar peduncle, colliculi), in addition to dentate
nucleus and globus pallidus.” Tt is worth emphasizing that
these structures have the particular feature of being associated
with a high concentration of iron.>3! Dentate nucleus and
globus pallidus are particularly rich in iron, but also copper and
zing, although at a lower concentration.*** Interestingly, the
distribution of elemental Gd concentrations among the various
CNS structures correlated significantly with that of Fe in rats
treated with linear GBCAs,” a result consistent with the previ-
ous feature. Laser ablation-inductively coupled plasma mass spec-
trometry (LA-ICP MY) studies performed in samples of sheep
cerebellum showed colocalization of Gd with Zn, Fe, and Cu
10 weeks following single injections of linear GBCAs (but not
after macrocyclic GBCAs).'* However, in another LA-ICP-MS
study performed on a single human dentate nucleus, no apparent
correlation between Gd and Fe, Cu or Zn could be observed.*
If one considers that the colocalization of Gd and
metals is not a hazard, several hypotheses can be proposed:

1. Endogenous Fe may exchange with Gd (transmetallation).
The apparent thermodynamic stability constant values of
the Fe-L chelates are often higher than those of the Gd-L
chelates (L for ligand) (eg, log K.ong values are 23.4 and
17.7 for Fe-DTPA and Gd-DTPA, respectively).”” How-
ever, to comply with this hypothesis Fe must be labile and
locally present at a high concentration. Fe is mobilized by
transport or storage proteins such as ferritin, transferrin, or
hemoglobin,36 and the labile pool of Fe is therefore low.””
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FIGURE 1: Concentrations of elemental Gd determined by inductively coupled plasma mass spectrometry in the various dissected
brain areas (cerebellum*: except for DCNs) 4%2 weeks after the last injection to rats (20%0.6 mmol Gd/kg body weight). Reprinted

from Ref. 26 with permission.

The lack of reliable data on concentrations and locations
of labile pools of Fe in the CNS structures of interest
makes it difficult to draw conclusions on this hypothesis.

. Another hypothesis is that Gd is concentrated at the same
locations as Fe because it uses the same access pathways.
This would involve the prior dissociation of GBCA and
the binding of Gd to Fe transporter proteins. Gd can bind
transferrin (Tf) with a weaker affinity when compared to

Fe.’® In the case of gadodiamide (ie, Gd-DTPA-BMA),

this would translate into:

Gd—DTPA—-BMA + Tf —=Fe2Tf —Gd + DTPA - BMA —Fe

(1)

The thermodynamic constant value of Fe-DTPA-BMA
is greater than that of Gd-DTPA-BMA (gadodiamide)
(log KTherm values are 21.9 and 16.9, respectively).29 How-
ever, there are two binding sites for Fe with Tf (log Keong

1296

value is 20.2 for site 1 and 39.3 for site 2).”” If the respective
local concentrations for the above species allow, a Gd vs. Fe
transmetallation process with the first site of Tf would be pos-
sible but has not been demonstrated so far.

3. GBCAs would dissociate before entering the dentate
nucleus (consistent with the finding of dissociated and sol-
uble Gd in the blood compartment%) and Gd would pass
through similar pathways as endogenous metals.

4. Gd from low-stability GBCAs might also exchange with
ionized calcium, as previously sug:c;{estedm’41 (if local con-

centration of the latter metal allows it).

In addition to Fe, colocation of Gd and P was reported
in rat cerebellum® in addition to the postmortem human
cerebellum,*>** consistent with the presence of GdPOy. Gad-
olinium signal was also found by LA-ICP-MS in the dentate

nucleus and cerebellar cortex of one patient who received
macrocyclic GBCAs twice (the last administration was only

Volume 52, No. 5



2 weeks before death). The Gd signal colocalized with those
of Fe, Cu, Zn, and P.*> Of note is that the LA-ICP-MS tech-
nique does not allow speciation studies, and therefore is by
no means indicative of a putative dissociation of Gd from the
macrocyclic GBCAs.

Transmission electron microscopy (TEM) studies associ-
ated with nanoscale secondary ion mass spectrometry demon-
strated that P-associated Gd deposits were located in various
areas of deep cerebellar nuclei (DCN).* It is worth emphasiz-
ing that TEM does not allow the study of soluble Gd species.
Therefore, data from this technique should be analyzed in con-
junction with other, complementary, approaches.

Gadolinium Speciation in Brain Tissues

Gd speciation in the brain has been the subject of a large
number of studies.”*?>4% In homogenates of cerebellum
from rats treated with linear agents, the presence of soluble
macromolecular (250-300-kDa) Gd-containing species was
observed 24 days after the last administration, while no such
effect was found with macrocyclic GBCAs. Still, in linear
GBCAs-treated rats, Gd was found to a large extent in the
insoluble brain tissue fraction.*® In a subsequent study, fol-
lowing repeated administrations of the linear GBCA
gadodiamide to rats, insoluble species of Gd in the cerebellum
were estimated to be 53% of the elemental Gd levels, while
the intact Gd chelate was 18%. This suggests that an addi-
tional ~-30% must have been present in the soluble fraction.
It was proposed that these soluble and dissociated Gd species
explained the T; hyperintensity found in the cerebellum.?
One year after the last administration of a linear GBCA to
rats, 75% of the elemental Gd detected in the cerebellum was
bound to macromolecules (MW > 66.5 kDa) as soluble spe-
cies, with the proportion increasing over time. Such an effect
can be explained by the progressive binding or, alternatively,
by the faster elimination of the intact linear Gd chelate.

Macrocyclic GBCA

Insoluﬁﬁ

(GdPO, salt?)
~
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Conversely, after repeated injection of the macrocyclic GBCA
gadoterate, only traces of Gd, in the intact chelated form,
were measured in the soluble fraction.?* In another study, a
single administration of a very high dose to mice confirmed
that, after 10 days, several endogenous molecules were bound
to Gd from the linear GBCA gadopentetate, while no such
effect was observed with the macrocyclic GBCA gadoterate.
However, Gd from the macrocyclic agent gadobutrol was also
found in several molecules with molecular weight larger than
GBCAs.*® The reasons for this discrepancy between GBCAs
are unclear. Lastly, infusion of the chelating agent Ca-DTPA
7 weeks after a single administration of a linear GBCA to rats
was associated with significant excretion of Gd in the urine.”’
In parallel, the amount of Gd in the brain parenchyma
decreased. This is consistent with mobilization of Gd from
tissues. Conversely, no such effect was found after administra-
tion of a macrocyclic agent.””

Interestingly, even a single administration of a clinically-
relevant dose of GBCA demonstrated that linear GBCAs
resulted in significantly higher residual Gd concentrations in
the cerebellar tissue than a macrocyclic GBCA at the late time-
point of 5 months. Furthermore, for the linear GBCAs, two
classes of Gd species were detected: intact Gd chelate and Gd
bound to soluble macromolecules (>80 kDa), whereas, in the
case of the macrocyclic GBCA, Gd was detected only in its
chelated form.* The nature of the macromolecules that bind
Gd remains unknown. Sialic acid residues or glycosaminogly-
cans structures on the surface of cells, or within the extracellu-
lar matrix, may be interesting targets.”>>°

The most likely hypothesis is therefore that the less
kinetically stable linear GBCAs gradually dissociate in tissues,
while macrocyclics remain intact and are excreted unaltered
in the urine (Fig. 2).

Taken together, these data are consistent with the ther-
of GBCAs.*>'  Obviously,

modynamic  characteristics

Macrocyclic GBCA

\
4
W

Linear GBCA

GdL" + [M]T‘:.

Dissociated Gd3*

Gd*+ ML)~ Macromolecule
Soluble Gd

Macromolecule(s)-
<" bound

FIGURE 2: Comparative hypothetical gradual behavior of macrocyclic and linear GBCAs subsequent to their uptake by the central
nervous system. GdL: chelated Gd; M: endogenous metal; ML: chelated metal.

November 2020
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knowledge of the nature of the macromolecule(s) that bind
Gd and represent the soluble Gd species could help to make
significant progress in the understanding of the distribution
and retention of GBCAs in brain tissues, and possibly in the
putative long-term toxicologic consequences. Future progress
will probably come from combined and complementary

bioanalytical techniques.

LONG-TERM FOLLOW-UP OF GADOLINIUM
CONCENTRATIONS IN THE BRAIN
PARENCHYMA FOLLOWING REPEATED
ADMINISTRATIONS OF GBCAS

Two teams independently followed up the concentrations of
elemental Gd in the brain parenchyma of rats for up to 1 year
after the last of repeated administrations of linear and macro-
cyclic GBCAs.>**? Both studies concurred in: 1) a lower ele-
mental Gd concentration in the CNS at completion of the
treatment period with macrocyclic GBCAs vs. linear agents;
2) with macrocyclic GBCAs, there was continuous clearance
of residual Gd from the brain, with no indication of a steady-
state tissue level. No such effect was observed with linear
GBCAs. Furthermore, an increase in the DCN-to-brainstem
T, signal intensity (SI) ratio was found with linear GBCAs
and persisted for the full 1-year observation period
(Fig. 3).2452 These studies clearly distinguished between nor-
mal clearance of GBCA and retention of dissociated Gd.

FIGURE 3: Typical “sea urchin”-shaped Gd deposit located in the
interstitial space of the lateral nucleus (corresponding to the
dentate nucleus in humans) of a rat repeatedly treated with
gadodiamide (12 mmolGd/kg cumulated). The presence of Gd
was validated by electron energy loss spectroscopy.

1298

CEREBRAL ANATOMICAL STRUCTURES
ASSOCIATED WITH GADOLINIUM
DEPOSITION

Organ Level
In addition to the dentate nucleus and the globus pallidus,
postmortem studies demonstrated the presence of elemental
Gd in the thalamus and pons of patients who received
repeated administrations of gadodiamide.”" Further to these
structures, a gradual T hypersignal was reported in the sub-
stantia nigra, red nucleus, cerebellar peduncle, and colliculi.?
This effect is highly suggestive of Gd deposition. Interestingly,
T, hypersignal was also reported in the choroid plexus (CP) of
patients”> and of rats.”® We found a substantial concentration
(13.2 £ 6.4 nmol/g) of elemental Gd in the CP dissected
from rats 4 months after the last of 20 administrations of
gadodiamide (36 mmolGd/kg cumulated) (unpublished data).
Furthermore, 4.5 hours after a single administration of
GBCAs to rats, the presence of elemental Gd was reported in
the cerebrospinal fluid (CSF). Concentrations of Gd were
higher in the CSF than in the blood. In this study, CSF Gd
was almost completely cleared after 24 hours.>* Elemental Gd
was found in the CSF of adult and pediatric patients who
received a single GBCA application. Higher concentrations of
elemental Gd were associated with an age of at least 18 years
and total proteins levels in the CSF above 35 mg/dL.>> In a
prior study, concentrations of elemental Gd in the CSF
increased within the first 8 hours after intravenous GBCA
administration, and then decreased between 8 and 48 hours.
The GBCA was almost completely cleared from the CSF after
48 hours.”®

Some studies demonstrated the presence of elemental
Gd in other structures, especially the olfactory bulbs of
mice and rats (Fig. 1).27°7°% T our knowledge, no T; sig-
nal enhancement has been reported so far in olfactory bulbs
in humans or rats. Of note is that the olfactory bulb is
about 0.01% of the human brain by volume and 2% of the
mouse brain by volume.>’ Finally, it should be recalled
that, in addition to the brain, numerous studies have found
the sustained presence of elemental Gd in multiple organs
or tissues, including the bone (cortical and bone marrow),
both in and

kidney, liver, animals

12,18,26,40,44,47

skin, etc.,

patients.

Brain Tissue Levels
Detailed localization studies, by means of LA-ICP-MS, dem-
onstrated the presence of Gd in the granular layer of the cere-

11,52 s
5 9,35 after

bellar cortex of rats and of human subjects
repeated administration of linear GBCAs. Elemental Gd con-
centrations were similar to those measured in DCN.>* No T,
signal enhancement has been reported so far in cerebellar cor-
tex, to our knowledge. This suggests that Gd is present in a

mostly insoluble form at this level.

Volume 52, No. 5



Cellular Level
TEM studies associated with spectroscopy techniques for
characterization showed the presence of electron-dense Gd
deposits in the cerebellum of rats treated with linear
GBCAs'"#2%%% and in patients.?""®" Except for two,**
these studies focused on the dentate nucleus or its equivalent
in rats, the lateral nucleus.®” Gd deposits had a spheroid and
spiny shape resembling a “sea urchin,” ~200-300 nm in
diameter with 2-nm-wide spines, located in the interstitial
space and close to vascular basement membranes (Fig. 3).
The copresence of Ca, N, and O was reported, as well as P,
which is consistent with the presence of insoluble GdPOy salt
in these deposits.42

Furthermore, Gd deposits were also associated with
intracellular membrane-bound pigment aggregates within glial
cells of the rat DCN. These pigments were identified as
lipofuscin. Gd deposits were also identified in the CP of linear
GBCAs-treated rats, in fibrocyte-like cells, in the interstitium
located perivascularly between the basement membranes of a
capillary, and also in the epithelial basement membrane of the
CP.*? Lastly, in specimens of human dentate nuclei, deposits
of insoluble Gd were found within the nucleus of a neuron.®’
To our knowledge, no such finding has been reported in rats
so far.

CNS ACCESS PATHWAYS FOR GBCAS:
CERTAINTIES AND ASSUMPTIONS

Intravenous route is not the only pathway for exogenous
metals presenting an effect on the MRI signal. Manganese,
another cation with a strong shortening effect on T relaxa-
tion time, can easily access the blood, then the brain paren-
chyma through the olfactory system, as shown in welders
exposed to Mn-containing fumes and who presented
increased T hyperintensity in various brain structures, espe-
cially the globus pallidus.®®

Regarding, GBCAs, our hypothesis is that there are
three access pathways for Gd species into the brain paren-
chyma, as discussed below. We propose an integrated
approach for the access of GBCAs in the CNS and their nor-
mal distribution, including intraparenchymal Gd speciation.

Blood Cerebrospinal Fluid Barrier Access Pathway

Following systemic injection, GBCAs, regardless of their
structural category (and/or possibly dissociated and soluble
Gd species from less stable agents), enter the CSF compart-
ment, as shown by direct dosage in patients who underwent
lumbar puncture®® or, indirectly, by T,-weighted fluid-
attenuated inversion recovery (FLAIR) MRI.%*°® Interest-
ingly, this increase in the T, SI was prolonged, with a
significant increase in the perineural space of the distal optic
nerve sheath, perivascular spaces (PVS) of the basal ganglia,
foramen magnum, and prepontine cistern, detected at

3 hours postadministration (p.a.) of a GBCA. The effect
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was still noticeable 24 hours p.a.°® This is consistent with
data in rats where T, signal peaks in CSF-containing struc-
tures were observed at 9 or 25 minutes p.a.54 The T, SI
increase was also detected in the CP and brain ventricles. It
is worth noting that a reduction in T signal amplitude was
in the expected direction of bulk flow of CSF, that is, from
the lateral to the 3" and 4™ ventricles, then to the sub-
arachnoid space.®®

Passage of Gd species from the blood compartment to
the CSF through the fenestrated and leaky®® capillaries of
CP, then to the CSF through the CP plexus epithelium
(the “blood cerebrospinal fluid barrier” or BCSFB’?), is there-
fore likely and consistent with the presence of insoluble Gd
deposits at this level.*> The exact pathway by which GBCAs
cross BSCFB remains speculative. This barrier can be crossed
by passive diffusion, diffusion facilitated by membrane influx
(eg, solute carrier family), and efflux transporters, or through
vesicular transfer or transcytosis due to the presence of non-
specific mediators like vesicles-associated membrane pro-
teins.”®”! GBCAs (or other soluble Gd species) would escape
efflux transporters in the CP epithelial cells, at least in part. It
is likely that low-stabilicy GBCA and/or dissociated and solu-
ble Gd, bound to a macromolecule, are sequestrated in the
CP. This phenomenon would explain the T; hypersignal
observed in rats*® and patients with renal failure®® (therefore
sensitized to a higher circulating GBCA concentration). A
proportion of the GBCAs would dissociate locally, as demon-
strated by the presence of Gd deposits in the perivascular
interstitial spaces in the CP and in the basement membranes
of the CP epithelium.*?

The traditional pathway for reabsorption is that, once in
the CSF, soluble GBCAs are transported to the subarachnoid
space to reach arachnoid granulations for eventual reabsorption
into the venous blood compartment through a pressure-
dependent gradient.72 However, there is mounting evidence,
both in humans and in rodents, that a significant proportion
of CSF drains to lymph nodes, especially through the nasal
mucosa via the cribriform plate of the ethmoid bone and along
dural lymphatics.”>7°

We propose that a fraction of soluble GBCA present in
the CSF would cross the ependymal lining to access the inter-
stitium of the brain (Fig. 4). ex vivo application of lanthanum
nitrate to the ventricular surface of mice showed the ion
winding through the extracellular spaces of the ependyma and
through the interwoven extracellular spaces of the astrocyte
layer.”® Dissociated and soluble Gd may follow the same
pathway. Following intracerebroventricular (i.c.v.) administra-
tion of the neutral agent gadodiamide to rats, the molecule
was distributed from lateral ventricles to the fourth ventricle
and crossed the BCSFB and the ependymal layer.”” Con-
versely, the anionic GBCA gadopentetate injected i.c.v. to
rats was confined to the intraventricular space, probably
because it was repelled by the sialic acid residues present at
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FIGURE 4: Summary of proposed inflow pathways for GBCAs in the brain. There appear to be three major pathways for the access
of Gd into the brain (1) (pink) via the CSF and (6) (pink) directly from the blood. (1) GBCA enters the ventricular CSF from the blood
via the blood-CSF barrier in the CP epithelium. (2) GBCA then enters the brain through the ependyma. (3) CSF containing GBCA
flows from the ventricles into the subarachnoid space. (4) GBCA then enters the surface of the brain with CSF along periarterial pial-
glial basement membranes and (5) enters the brain parenchyma. (6) The third route for entry of GBCA into the brain is from the
blood via the BBB in cerebral capillaries. The Gd speciation processes are summarized. Intact GBCAs (regardless of their chemical
structure) cross the fenestrated capillaries of CP to access the CSF. Subsequently, the neutral molecules cross the ependymal lining
to access the brain interstitium. Once present in the interstitium, low-stability (linear) GBCAs transmetallate with endogenous metals
and dissociated Gd either precipitates in the form of spiny deposits and/or binds endogenous macromolecules, thus remaining
trapped in the parenchyma. The GBCAs that remain in the CSF drain to cervical lymph nodes. CSF: cerebrospinal fluid, GBCA:

gadolinium-based contrast agent; SAS: subarachnoidal space.

the luminal pole of ependymal cells.”® Therefore, this BSCFB
pathway may be valid for neutral GBCAs only. Furthermore,
the strongly anionic nature of the extracellular matrix (which
contains large amounts of hyaluronan)” would probably
impair the diffusion of negatively charged molecules such as
ionic GBCA:s.

After neutral GBCAs have diffused into the inter-
stitium, they may reach metal-rich structures. This is espe-
cially the case with the dentate nucleus close to the 4"
ventricle, or the globus pallidus.”*™ 4 In the case of rat DCN,
we found that concentrations of endogenous elemental metals
(ICP-MS) were in descending order: Fe (700 £ 200 nmol/g)
> Zn (220 £ 30 nmol/g) > Cu (80 £ 15 nmol/g) (unpublished
data). Subsequent to local transmetallation with endogenous
metal, Gd dissociated from a linear GBCA would therefore be
associated with Tf (76 kDa) or ferritin (450 kDa). Involvement
of other macromolecules involved in the homeostasis of
CNS metals may be also speculatively considered (calmodu-

etc.). Next, the Gd-

macromolecules would be endocytosed into glial cells (and

lin, parvalbumin, hyaluronic acid,

possibly neurons) and eventually accumulate in lysosomes in
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the form of the nondegradable pigment lipofuscin,®®' as

Anatomical
proximity of CNS structures to the ventricles would indeed

sometimes found associated with Gd deposits.*?

play a role in Gd uptake. Actually, both the endogenous
metal concentration and anatomy should be considered
together (for example, the thalamus is closer to the 3™ ven-
tricle than the globus pallidus, but its Fe concentration is
approximately four times lower).’® The granular layer of the
cerebellar cortex is rich in phosphorus,3 % a finding that may
explain the absence of T hypersignal at this level because of

precipitation of Gd in the form of GdPO.

Access Pathways Across the BBB
It has been stated that the presence of electron-dense Gd
deposits within the interstitium would challenge the classical
understanding of the impermeability of the BBB to
GBCAs.%° In rats, Gd deposits were found mainly in base-
ment membranes or within cells around capillaries.*?

It was inidally reported that the electron-dense Gd
deposits were located within endothelial cells.'""*' Subse-

quently, a more detailed analysis revealed that they are located

Volume 52, No. 5



b SRR ’ B S

FIGURE 5: Typical aspect of sea-urchin Gd deposits localized in
the basement membrane of a capillary. The presence of Gd was
validated by electron energy loss spectroscopy (not shown).

in capillary basement membranes® (Figs. 5 and 6). This sug-
gests that the Gd retained in the brain is also likely to be
derived from the blood. Perivascular, Gd-containing deposits
were also reported in the olfactory bulb of rats treated with
linear GBCAs (gadodiamide and gadopentetate) but not the
macrocyclic agent gadoterate.”®

Colocation of Gd with P in the vicinity of vessels®>** is
consistent with the precipitation of Gd in the form of GdPO4
present in the sea urchin-shaped deposits found.®” This phe-
nomenon might result from transmetallation with calcium, a
metal crucial for the tight regulation of cerebral blood flow at
the level of the neurovascular unit.*?

However, the presence of insoluble Gd deposits should
not preclude the possibility of soluble Gd
(undetectable by TEM).

species

THE PERIVASCULAR (PIAL-GLIAL) ACCESS PATHWAY.
The involvement of the “glymphatic” system®® in the distri-
bution and clearance of GBCAs from brain parenchyma is
currently the subject of much speculation.*®%5-5

Actually, the “glymphatic” concept needs to be refined,
especially with regard to the role of glia and transfer of solutes
into the extracellular spaces (ECS) of the brain.®° There are
arguments against the involvement of the “glymphatic” sys-
tem, at least as it was initially proposed. First, it would
involve aquaporin 4 (AQP4) localized to astrocyte endfeet
and anchored to the perivascular basement membrane.” It is
unclear whether AQP4 is involved in the passage of GBCAs.
Actually, the pore in each monomer of AQP4 narrows to
~2.8 A% thus effectively excluding the permeation of
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- ol - .A% l.'% 23 o 5 -
FIGURE 6: Sea urchin-like, spheroid-shaped Gd deposits (red
circles) localized in the basement membrane (1) and in the
perivascular space (2) of a capillary (from the DCN of a
gadodiamide-treated rat). A indicates astrocyte end-feet; yellow
arrows indicate basement membranes of glia limitans; orange
arrows indicate unified basement membranes of endothelial
cell and pericyte adluminal side; red arrows indicate basement
membrane of one pericyte abluminal side; red stars indicate
basement membrane coalescence of glia limitans and pericyte
or of endothelial cell); EC, endothelial cell; L, vessel lumen; P,
pericyte. The presence of Gd was validated by electron
energy loss spectroscopy (not shown). Reprinted from Ref. 42,
modified, with permission.

molecules larger than water. Studies in Agp4~'~ mice may
allow this issue to be elucidated. Furthermore, it was initially
suggested (in studies using an ionic GBCA as tracer) that the
outflow pathway from the brain parenchyma was alongside
veins.”' However, subsequent experiments have shown that
when tracers in the CSF enter the brain, they do so along
pial-glial basement membranes and then they flow out of the
brain along intramural peri-arterial drainage (IPAD) pathways
within 30 minutes and not along the walls of veins.”*??
Finally, the hydraulic resistance of the brain ECS would
restrict the convective flow, as initially proposed.®

The existence of PVS around arteries as they penetrate
the cerebral cortex is disputed”® and may actually be related
to the presence of artifactual swelling of astrocytes.””

We propose that water-soluble substances in the CSF
enter the surface of the brain along periarterial pial-glial base-
ment membranes (Fig. 4) and leave the brain along IPAD
pathways, one of the major routes for the drainage of brain
fluid and solutes and a very rapid process.”>*®

In addition to the BCSFB pathway, it is therefore pro-
posed that GBCAs enter the brain parenchyma through the

perivascular pial-glial basement membranes system (Fig. 4),
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consistent with LA-ICP-MS data®® and recent advances in
the field.”®

Lastly, an MRI study suggested that GBCA enters the
aqueous chamber of the eye following infiltration via the cili-
ary body and drainage along the perineural space of the optic
nerve.®® Following intrathecal administration of a GBCA, an
increase in T SI was observed within the optic nerve, optic
chiasm, optic tract, and primary visual cortex, thus indicating
direct communication between CSF of the subarachnoid
space and the extravascular space of the visual pathway. The
drainage of fluid and solutes from the eye is only now being
clarified.”” Interestingly, one case report has shown insoluble
Gd deposits in and around blood wvessels of the cho-
riocapillaris of the eye.”®

CLEARANCE PATHWAYS

It is likely that, in the event that GBCAs present in the inter-
stitial fluid (ISF) of the brain do not cross metal-rich struc-
tures or are unable to transmetallate with an endogenous
metal, they will drain out of the interstitium along basement
membranes in the walls of capillaries as well as along base-
ment membranes in the tunica media of cerebral arterioles
and arteries (the IPAD pathway) (Fig. 7).”> The physiological
IPAD pathway is situated within the smooth muscle cell base-
ment membranes in the tunica media of the arteries.”® This

Arachnoid mater

drainage phenomenon is very rapid, which may explain why
it has not been shown so far in the case of GBCAs. However,
long-term washout of intact GBCAs may follow another, still
unknown, pathway. Importantly, the entry and outflow path-
ways are anatomically distinct.”?

Lastly, most of the evidence suggests that only ~15% of
tracers draining along the IPAD pathway pass into the CSF,
whereas the remaining ~85% of the tracer travels along the

. . . . 100
walls of intracranial arteries to cervical lymph nodes.

LYMPHATIC DRAINAGE

There are no lymphatic vessels in the brain parenchyma, but
there is lymphatic drainage of interstitial fluid from the brain
to lymph nodes of the neck along the walls of cerebral arter-
ies.'”" This drainage is via the IPAD pathways along base-
ment membranes of capillaries and between smooth muscle

cells in the walls of arteries.”> 24"

CONCLUSION

The finding of T, hypersignal in the brain of patients who
repeatedly received linear GBCAs led to a very large number
of nonclinical and clinical studies that profoundly challenged
several dogma regarding the distribution of GBCAs in the
healthy brain. It seems important to distinguish between
“physiological” distribution and excretion of chelated GBCAs

Elimination pathways for : Pia
GBCAs by IPAD Subarachnoid Space o,
(SAS)
H CSF
Pia mater IPAD to

Lymph

Drainage of solutes along
IPAD to lymph nodes
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FIGURE 7: The clearance pathway (Intramural Peri-Arterial Drainage, IPAD). (1) IPAD begins with the entry of interstitial fluid ISF and
solutes from the brain parenchyma into basement membranes in the walls of cerebral capillaries. (2) Fluid and solutes then drain into
the IPAD pathways in the basement membranes that surround smooth muscle cells in the tunica media of arteries. (3) It is along the
IPAD pathway that fluid and solutes are eliminated from the brain through drainage to lymph nodes.
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from the brain parenchyma from Gd deposition that follows
repeated administrations of linear GBCAs and which is driven
by their thermodynamic properties. The follow up, by MRI,
of the still chelated, intact, GBCAs may have useful clinical
implications.®® In this review, we propose three access path-
ways for GBCAs into the brain parenchyma:

1. Entry into the CSF via the choroid plexus and then from
the CSF through the walls of the ventricles directly into
the brain;

2. From the CSF in the subarachnoid space along penetrat-
ing arteries in periarterial (periarteriolar) pial-glial base-
ment membranes;

3. From blood through the BBB (Gd found in the basement

membranes of capillaries).

The outflow pathway for Gd in the interstitial fluid of
the brain parenchyma is most probably along basement mem-
branes in the walls of cerebral capillaries and arteries as the
IPAD pathways.”>%%
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