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MRI Gadolinium-Based Contrast Media:
Meeting Radiological, Clinical,
and Environmental Needs
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Gadolinium-based contrast agents (GBCAs) are routinely used in magnetic resonance imaging (MRI). They are essential for
choosing the most appropriate medical or surgical strategy for patients with serious pathologies, particularly in oncologic,
inflammatory, and cardiovascular diseases. However, GBCAs have been associated with an increased risk of nephrogenic sys-
temic fibrosis in patients with renal failure, as well as the possibility of deposition in the brain, bones, and other organs, even
in patients with normal renal function. Research is underway to reduce the quantity of gadolinium injected, without
compromising image quality and diagnosis. The next generation of GBCAs will enable a reduction in the gadolinium dose
administered. Gadopiclenol is the first of this new generation of GBCAs, with high relaxivity, thus having the potential to
reduce the gadolinium dose while maintaining good in vivo stability due to its macrocyclic structure. High-stability and high-
relaxivity GBCAs will be one of the solutions for reducing the dose of gadolinium to be administered in clinical practice, while
the development of new technologies, including optimization of MRI acquisitions, new contrast mechanisms, and artificial
intelligence may help reduce the need for GBCAs. Future solutions may involve a combination of next-generation GBCAs and
image-processing techniques to optimize diagnosis and treatment planning while minimizing exposure to gadolinium.

Level of Evidence: 5

Technical Efficacy: Stage 3
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he main contrast media for enhancing magnetic reso-
Tnance imaging (MRI) are the gadolinium-based contrast
agents (GBCAs). They have become essential since their
introduction in the late 1980s, due to their added value in
clinical practice and overall good safety proﬁle.lJ* Following
the introduction of gadobutrol in 2003, no other non-specific
GBCAs were introduced to the market until the recent arrival
of a new generation of high relaxivity GBCA in 2022.” This
paper comprehensively addresses the current challenges associ-
ated with the use of GBCAs, encompassing safety concerns,
guidelines updates, and the impact related to environmental
contamination with GBCAs. Furthermore, it delves into the

latest developments in next-generation GBCAs and their clin-
Additionally,  the  paper
cutting-edge MRI techniques and the application of artificial

ical  potential. explores
intelligence to optimize contrast enhancement, ultimately

contributing to enhanced patient care and safety.

Challenges With Current Gadolinium Use
Gadolinium-Based Contrast Agents in Clinical
Practice

Since their initial approval, more than 700 million doses of
GBCAs have been administered worldwide.® In a recent
survey of GBCA use in Europe, clinicians reported that image
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quality with GBCAs was “good” or “excellent” for 96% of
patients, increasing diagnostic confidence in 96% and
resulting in a change in radiological diagnosis in 74% of
cases.” MRI use is generally on the rise in high income coun-
tries due to worldwide population aging with an accompany-
ing growing need for imaging.*? An increase from 56 MRI
scans per 1000 people in the year 2000, to 128 per 1000
people in 2019 was reported in the USA, and from 73 per
1000 in 2005 to 145 per 1000 in 2018 in Germany.® There-
fore, the use of GBCAs is also expected to increase in the

future.

Mechanisms and Parameters Influencing the Action
of GBCAs
The lanthanide, gadolinium (Gd) has a highly paramagnetic
effect, even bound in a stable complex as a result of its seven
unpaired electrons in the 4f subshell." When a GBCA is intra-
venously injected into a patient, it is distributed into the extra-
cellular compartment. The GBCA creates a local magnetic
field disturbance, shortening the T, relaxation time of water
protons in surrounding tissue. As a result, the tissue appears
brighter in the MRI images, enhancing the contrast between
different structures. This mechanism allows to detect and visu-
alize abnormalities, lesions, or blood vessels more clearly.1

Free gadolinium is highly toxic. It has a similar ionic radius
as Ca”" and thus inhibits calcium-dependent processes and may
have other deleterious mechanisms. To minimize its toxicity, the
Gd’" ion is chelated with a polyaminopolycarboxylate ligand,
which is either linear in structure, or rnacrocyclic.l’4 These
ligands affect the physiochemical properties of the molecule,
notably its relaxivity, stability, water solubility, and toxicity."’
The relative stabilities of the different complexes are characterized
by their thermodynamic stability, which represents the strength

& within the complex, and their

necessary to maintain G
kinetic inertness, which defines the rate of Gd®>" release under
certain conditions.” In vitro, linear GBCAs have a much lower
kinetic inertness than macrocyclic GBCAs."" The chemical struc-
ture of the chelate in the GBCA complex also affects the number
of sites accessible for water molecules to bind to the Gd®" ion,
influencing the agent’s relaxivity.' Generally, the rotational
dynamics of a GBCA can be improved by altering the molecule
weight and protein binding capability. The hydration number, ¢,
is the number of coordinated inner sphere water molecules and is
a key contributor to the relaxivity of the complex.'” Increasing
the hydration number is accompanied by a proportional increase

in the relaxivity.'*"*

Safety Concerns With GBCAs and Changes

in Market Approval Status

The incidence of acute adverse reactions is very low for
commonly used GBCAs.”'>!® In a cohort of 150,000
European patients undergoing cardiac MRI, with 94% receiv-
ing a GBCA (over 99% were macrocyclic by 2018), adverse
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events were of the order of 0.12% for mild, 0.21% for mod-
erate, and 0.03% for severe adverse events.'® Albeit mostly out
of use by 2018 in Europe, linear GBCAs were associated with
a significantly higher risk of acute adverse events than macro-
cyclic GBCAs on multivariate analysis (macrocyclic vs. linear
GBCA: multivariable odds ratio, 0.634; 95% confidence inter-
val: 0.452, 0.888; P = 0.008).'° The incidence of adverse

events was of similar order in other studies.””!>

Although GBCAs are considered generally safe, in 2006
reports of nephrogenic systemic fibrosis (NSF) occurring in
patients with severe renal failure who had undergone contrast-
enhanced MRI prompted the health authorities to reconsider the
risks.'” The risk of NSF also appeared to be increased with
higher than recommended or repeated doses of GBCAs, particu-
larly those with a linear ligand.4 The immense majority of NSF
cases have been reported after use of linear GBCAs. The US
Food and Drug Administration (FDA) thus revised the GBCA
labeling to mention the risk of NSF for patients with severe renal
insufficiency who receive GBCAs,'® followed by a requirement
to screen patients for the presence of acute kidney injury or
chronic severe renal disease before administration.* In 2009, the
European Medicines Agency (EMA) classified GBCAs by associ-
ated risk of NSF, and contra-indicated high-risk GBCAs
(gadodiamide, gadopentetic acid/gadopentetate dimeglumine,
and gadoversetamide) for patients with severe renal impairment,
and advised caution for at-risk patients receiving medium-risk
(gadoxetic acid/gadoxetate disodium, gadobenic acid/gadobenate
dimeglumine), and low-risk agents (gadoteric acid/gadoterate
meglumine, gadoteridol, and gadobutrol).19

The exact mechanism of NSF causation from GBCA use
is still unknown. It is thought that the Gd’* ions dissociate
from the GBCA complex in patients with significantly impaired
renal function due to the prolonged clearance times of the
GBCAs and because of the low stability of linear GBCAs.>**'
The unbound gadolinium then binds with an anion, phosphate
for example, and the resulting insoluble precipitate is deposited
in various tissues.”>>" If the propensity for gadolinium dissocia-
tion is definitively linked to the occurrence of NSF, this may at
least partially explain why the different GBCAs, which have dif-
ferent in vitro and in vivo stabilities, have different degrees of
risk of developing NSF in at-risk patients.”>*!

In 2013, the safety of GBCAs was again called into ques-
tion with the publication of a study showing that some patients
who have previously undergone contrast-enhanced MRI with
GBCA continued to show hyperintensity of distinct brain struc-
tures (the dentate nucleus and thalamus) on subsequent non-
enhanced MRI, consistent with gadolinium deposition.”* There
was a higher likelihood for gadolinium deposition with linear
compounds compared with macrocyclic GBCAs.”>*> The FDA
thus issued an updated notice in 2017, that although there may
be some gadolinium retention in the brain and other body tis-
sues, they found no evidence that it was clinically harmful and
thus there were no further restrictions in GBCA use that was
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warranted in the US. However, they recommended minimizing
repeated GBCA imaging wherever possible, particularly for fre-
quently repeated MRI studies, but specified that necessary
GBCA-enhanced MRI scans should not be avoided or
deferred.** In contrast to the US, the European Commission
opted to suspend the marketing authorizations of the linear
non-specific GBCAs gadodiamide and gadoversetamide, and to
restrict the authorization of gadobenic acid to liver imaging only
and gadopentetate dimeglumine for intra-articular administra-
tion in diluted form only. Authorizations of the liver-specific
GBCA gadoxetic acid as well as those of the macrocyclic
GBCAs gadoteric acid, gadobutrol, and gadoteridol were
maintained.**> The EMA stated that macrocyclic GBCAs can
continue to be used in their current indications, but at the low-
est indicated doses for sufficient image enhancement and only
when unenhanced scans are not appropriate.'®*°

More recently, gadolinium deposition has also been dem-
onstrated in the skeletal bones of healthy patients following a
single GBCA injection.”” Although there is currently no evi-
dence to show that gadolinium deposition in healthy subjects
is associated with adverse clinical outcomes,”® gadolinium
deposition may pose a risk as later release of gadolinium from
the bone is possible and could result from increased bone min-
eral loss in cases of osteoporosis, which in turn could lead to
delayed toxic effects.””? Overall, based on the available evi-
dence, macrocyclic GBCAs are considered to have a very good
safety profile, where the benefits exceed the risks.'*

GBCAs in Current Practice/Guidelines

Both the American College of Radiology (ACR) and the
European Society of Urogenital Radiology (ESUR) guidelines
highlight the indispensable role of GBCAs in providing vital,
potentially life-saving medical information. The guidelines
emphasize the critical need to carefully balance the potential
risks of GBCA usage against the substantial dangers of under-
going a contrast-enhanced imaging procedure in such cases.
Furthermore, for all patients, irrespective of their risk profile,
the principles set forth in the guidelines mandate the usage of
the smallest feasible quantity of contrast medium that can
yield a diagnostically meaningful result.”®?""

The use of GBCAs must take into consideration a risk
of dose-dependent gadolinium deposition in the brain, even
in patients with no evidence of kidney or liver disease.””>'
There is no evidence to suggest that these deposits are associ-
ated with neurotoxicity, even when administering GBCAs
that have shown the highest rates of gadolinium deposi-
tion.”>*! The ACR thus recommends weighing the clinical
benefit of the diagnostic information or treatment result that
MRI or magnetic resonance angiography (MRA) may provide
against the unknown potential risk of gadolinium deposition
in the brain and elsewhere for each individual patient. Partic-
ular attention should be paid to pediatric and other patients
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who may receive many GBCA-enhanced MRI studies over
the course of their lifetime.”**'

When a decision is taken to administer a GBCA to an
individual patient, multiple factors, such as diagnostic added
value, relaxivity, rate of adverse reactions, dosing/concentration,
and propensity to deposit gadolinium should be considered
when selecting the GBCA.***! Limiting the use of GBCAs in
atrisk patients to macrocyclics has been shown to markedly
reduce the number of new cases of NSF.?? In cases where mul-
tiple doses of a GBCA are required over a short time frame, in
patients not at risk of NSF, there is no contraindication if the
examinations are deemed necessary. In patients at risk of NSF,
the ACR recommends using the group II agents, namely
gadobenate dimeglumine, gadobutrol, gadoterate meglumine,
gadoteridol, or gadopiclenol.20 For pediatric patients, the ACR
recommends following the same guidelines as for adults for
identification of at-risk patients and the administration of
GBCAs in those with impaired renal function.” In both chil-
dren and adults the ACR recommends avoiding GBCAs in
patients with acute kidney injury or chronic kidney disease with
an eGFR <30 mL/min/1.73 m*.***" Given the scarcity of evi-
dence, caution should be applied when using GBCAs in pre-
term neonates and infants due to renal immaturity. Uldmately,
as with adults, the benefits of GBCAs should be weighed against
the potential risks.*’

The ESUR guidelines follow the EMA decision that
GBCAs associated with a high and medium risk of NSF (all
linear GBCAs) should be reserved to specific indications for
which the benefit/risk balance is still considered favorable
(gadopentetate  dimeglumine for arthrography and gadobenate
dimeglumine and gadoxetate disodium for hepatobiliary imaging
exclusively). The ESUR guidelines recommend that agents associ-
ated with a low risk of NSF (gadobutrol, gadoterate meglumine,
gadoteridol) should be used with caution in patients with
GFR < 30 mL/min, with at least 7 days between injections.31

These recommendations have been considered in new
guidelines for specific diseases that necessitate repeat use of
contrast-enhanced MRL>* For instance, in multiple sclerosis,
in order to minimize the amount of gadolinium injected, the
French Multiple Sclerosis Network guidelines stipulate that
patients should undergo a macrocyclic GBCA-enhanced scan
at the following time points: time of diagnosis; when a new
disease-modifying treatment is introduced; 6 months after the
baseline exam; and when previous scans are unavailable for
comparison.35 GBCA-enhanced MRI can be performed as an
option in case of relapse or suspicion of intercurrent disease,
but other follow-up MRIs do not require contrast enhance-
ment.”> The additional diagnostic value of GBCA in routine
follow-up by MRI in patients with MS is considered low.>®

Environmental Accumulation of Gadolinium
Another major reason for healthcare systems in general to
seek to reduce the amounts of GBCAs administered is
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because of concerns about accumulating gadolinium being
released into water systems after urinary excretion by
patients.”” The increasing use of GBCAs for MRI has led to
widespread contamination of freshwater and drinking water
systems.”® Moreover, the treatment of wastewater with UV
may contribute to the degradation of GBCAs, increasing the
risks of adverse health consequences.”® The total amounts of
gadolinium in wastewater systems may be considerable, with
some estimates from a French study suggesting that approxi-
mately 3.24 kg of gadolinium may be injected per MRI scan-
ner per year.”” The annual emission of gadolinium has been
estimated of 19 tons in the EU and 21 tons in the US.”®
Gadolinium is found in excessive amounts closer to larger cit-
ies and hospitals performing MRI.”® These amounts are likely
to continue to increase in the near future as gadolinium con-
sumption is linearly correlated with the number of MRI
scans.>**”** Almost half of anthropogenic gadolinium in the
environment is generated from brain scans.*

The ecological consequences of gadolinium contamina-
tion of water are not well understood, but some studies have
suggested that elemental gadolinium can affect the growth,
reproduction and survival of aquatic organisms, such as

Bendszus et al.: MRI Contrast Media: Entering a New Era?

crustaceans, algae, and fish.“*~** Furthermore, several studies
have shown that anthropogenic gadolinium can be found in
aquatic plants and organisms, and that gadolinium could
potentially reach the human food chain via terrestrial plants
growing in areas irrigated with polluted water or plants and
animals growing in contaminated aquatic ecosystems.“’44
Several initiatives have been developed to mitigate the
release of gadolinium into wastewater systems (Fig. 1). These
efforts involve enhancing the efficiency of water treatment
processes through methods like advanced oxidation, mem-
brane filtration, and adsorption techniques to eliminate gado-
linium from wastewater” The adoption of best practices for
managing and disposing of contrast agents includes minimiz-
ing their usage, segregating waste streams, and utilizing spe-
cialized containers to collect any unused contrast agents.
Notably, a French study estimated that approximately 15%
of prescribed GBCAs went unused and were wasted.*® The
Medical Gadolinium Recycling (MEGADORE) project was
established with the goal of creating chemical recycling pro-
cesses for unused and discarded medical gadolinium.?”
Furthermore, the collection of patients’ urine for either 1 or
24 hours  after

contrast-agent administration has been

An MRI examinationis required

Opportunity:

Evaluate non contrast-enhanced methods
Reduce the injected gadolinium dose (new high relaxivity GBCAs)

Inject the most stable GBCAs

Opportunity:

[ ]
A GBCA is injected to a patient
Recycling initiatives for unused GBCA

GBCAs are excreted in urine
L]

GBCAs are released into
wastewater systems

Challenge: GBCAs are not removed by conventional watertreatment
Opportunity: Advanced water treatment methods

FIGURE 1: Potential opportunities to reduce gadolinium footprint.
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proposed, and this approach has shown a high level of patient

. 8,48,4
compliance.”®***?

Strategies for Reducing or Replacing
Gadolinium in Contrast Agents

In a number of pathologies that are currently diagnosed and
monitored using contrast-enhanced MRI, the image modality
of choice, a number of unenhanced alternatives are emerging
to reduce or avoid GBCA use (Table 1).°° These include arte-
rial spin labeling, time of flight, phase contrast imaging,
diffusion-weighted imaging, magnetic resonance spectroscopy,
susceptibility weighted imaging, and amide proton transfer
imaging.so In general, these unenhanced techniques have
shown promising diagnostic performance when compared to
contrast-enhanced MRI, yet they reflect a different patho-
physiological phenomenon and it is unclear if they can be
used as valid surrogates for contrast enhancement in clinical
practice.50 Furthermore, these new unenhanced techniques
come with some drawbacks including prolonged scan time,
motion sensitivity, or lack of availability. Contrast enhance-
ment using GBCAs, remains critical and is used in clinical

practice to increase the sensitivity for small brain metastases,
depict an impaired blood-brain barrier, accentuate vessel
structures, and estimate tissue perfusion using perfusion-
related techniques.

Alternatives to GBCAs

An alternative to GBCA is to replace it altogether with a
gadolinium-free contrast agent. Manganese (Mn) or iron-
based agents have been explored in the past. Manganese
dipyridoxil diphosphate was first used in humans as an intra-
venous hepatobiliary MR contrast agent for the detection and
characterization of liver lesions in 1997. This molecule is
selectively absorbed by hepatocytes. However, it was associ-
ated with neurotoxicity concerns with free Mn in patients
with liver failure, and was discontinued after failing to achieve
commercial success.”’ Some new Mn-based agents are at the
research or early clinical development stages.”*™> Tron has
long been known to be a potential alternative to gadolinium
in contrast media because iron oxide is a paramagnetic mole-
cule that shortens T, time, strongly decreasing the MR signal
and thus producing a negative contrast.”>® There is currently

TABLE 1. Strategies to Reduce the Use of Gadolinium

Strate Description
gy P

Limitations

Reduce the dose using high
relaxivity gadolinium-
based contrast agents

(GBCAys)

Use of contrast agents that
do not contain
gadolinium

Use of unenhanced MRI

protocols

Use of artificial intelligence

The new generation of GBCAs with high

relaxivity can be used at half the dose of
gadolinium compared to current GBCAs
while maintaining comparable diagnostic
efficacy.

Superparamagnetic iron-oxide nanoparticles

Manganese-based contrast agents

Non-contrast-enhanced MR techniques

include (but not limited to) diffusion-
weighted imaging, arterial spin labeling,
time of flight, susceptibility weighted
imaging, MR spectroscopy, quiescent-
interval single-shot MR angiography.

Use of deep learning-based models to

synthesize full-dose MRI scans from
reduced-dose contrast-enhanced or
unenhanced MRI scans.

Long-term safety data are limited.

Adverse reactions are more common
than with GBCAs.

Limited use in some indications due to
their specific pharmacokinetic properties
and susceptibility/relaxivity
characteristics.

Not approved as an MRI contrast agent
(off-label use).

Potential neurotoxicity after exposure to
manganese.
None commercially available.

Long acquisition time.

Sensitivity to artifacts and vessel
orientation.

Lack of standardization in terms of data
acquisition.

Mostly tested on a limited number of
patients, and in single-center studies.
Small enhancing lesions can be
overlooked.
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only one commercially available Fe-based agent, an iron oxide
nanoparticle which is only approved in the Netherlands.*

The obvious alternative to the current generation of
GBCAs is a new generation of GBCAs with improved
physiochemical properties, offering a higher relaxivity, and
thus having the potential to reduce the gadolinium dose,
coupled with good in vivo kinetic inertness, thus minimizing
the risk of NSE.**” It is likely that these next generation
GBCAs will be used in combination with new image acquisi-
tion and processing techniques for additional diagnostic opti-
mization, while simultaneously reducing the requirement for
GBCAs and lowering the costs.””

New Generation of GBCAs

NEW GBCA ON THE MARKET. It is now well established
that the lowest dose possible of GBCAs should be adminis-
tered to provide a correct diagnosis, thus the development of
high-relaxivity GBCAs is expected to meet a real medical
need.””*® This new generation of GBCAs should allow the
injection of a comparable dose of gadolinium to the standard
dose of the current generation of GBCAs while offering a sig-
nificant improvement in contrast enhancement, leading to
additional diagnostic benefits and/or improvements in patient
management, or alternatively, a comparable contrast enhance-
ment using a lower dose of gacioli[1iu1n.57‘59 In addition to
high relaxivity, the next generation of GBCAs should also
offer high in vivo stability with an optimal safety profile.” A
number of agents have met these criteria in the past but were
limited for other reasons. For example, the blood pool agent
gadofosveset trisodium (Ablavar®) was indicated for MRA,
but production was discontinued in 2017 for commercial rea-
sons.*® Gadobenic acid is another high relaxivity GBCA,
now limited to liver imaging in a number of countries. How-
ever, its use as a hepatobiliary contrast agent is not always
practical in the clinical setting due to a prolonged
hepatobiliary phase.61 A number of research teams around
the world are currently developing new GBCAs,””%*** of
these, the molecule furthest along in the marketing approval
process is the high-relaxivity macrocyclic agent, gadopiclenol
(Elucirem™, Guerbet).”>®® It has been approved by the
FDA in September 2022 for use in adult and pediatric
patients aged 2 years and older to detect and visualize lesions
with abnormal vascularity in the CNS, and other body organs
(head and neck, thorax, abdomen, pelvis, and musculoskeletal
system) at the dose of 0.05 mmol/kg,” and more recently (in
December 2023) approved in Europe by the EMA.®’

The relaxation rate R, reflects the effectiveness of the
contrast agent, and is determined firstly by the contribution
of water molecules directly linked to the Gd** ion, or the
inner sphere contribution; and secondly, by the outer sphere
contribution from water molecules that diffuse near the Gd>™
atom but without direct linkage.®> The relaxivity of a GBCA
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molecule can be improved by increasing its molecular size,
which affects the rotational time tg; and by increasing the
hydration number ¢, or the number of sites on the chelated
Gd®" accessible for inner sphere proton exchange.'*®* In
most GBCAs, the hydration number is 1 (¢ = 1), with the
GBCA complex allowing a single water molecule proton
access to the Gd>" ion at a time.®*® The current generation
of GBCAs all have a g = 1. Gadopiclenol has a ¢ = 2, with
two sites for proton exchange with the Gd>" ion (Fig. 2).%
In vitro and in vivo data for gadopiclenol and the current
generation of non-specific GBCAs show that gadopiclenol
exhibits the highest 7; relaxivity in both water and human
serum at 37 °C (i.e., 12.8 and 11.6 mM/s at 1.5 T and
3.0 T, respectively), a 2- to 3-fold higher relaxivity compared
with the current generation of GBCAs, with no suggestion of
protein binding.®” The thermodynamic stability and kinetic
inertness from in vitro and in vivo data allow a certain degree
of prediction and explanation for the in vivo behavior of
GBCAs."” At very low pH, gadopiclenol demonstrates the
highest kinetic inertness, with a dissociation half-life of
20 + 3 days at pH 1.2,°° approximately four times the
kinetic inertness of the current generation of GBCAs.®’
Gadopiclenol has a relatively low osmolality and a high solu-
bility, which allows for the possibility of injecting a low gado-
linium dose and a small administration volume without
compromising on clinical efficacy.®®

In preclinical and clinical studies, gadopiclenol was
found to achieve comparable efficacy at 0.05 mmol/kg,
i.e., half the standard dose used with currently approved
GBCA.”>7? Two phase III studies confirmed that in CNS
and body MRI settings, gadopiclenol at a dose of 0.05 mmol/
kg was non-inferior to the standard dose of 0.1 mmol/kg of
gadobutrol in terms of lesion visualization (Fig. 3).”*”>
Although the long-term safety profile of this agent will have
to be confirmed in a post-marketing setting and in future
clinical studies, the phase III studies demonstrated that
gadopiclenol at 0.05 mmol/kg has a comparable safety profile
to 0.1 mmol/kg gadobutrol.”*”>

By showing that gadopiclenol can achieve comparable
lesion conspicuity at half gadolinium dose compared with the
standard dose of gadobutrol for both CNS and body MRI,
these phase III studies may herald a new generation of
GBCAs, effectively enabling a reduction in gadolinium used
without compromising on contrast enhancement.* Given the
number of people expected to undergo routine GBCA-
enhanced MRI screening for conditions like breast or prostate
cancer, and patients with diseases requiring regular follow-up
contrast-enhanced MRI, these new agents represent an
important potential reduction in the total volumes of gadolin-
ium injected. GBCAs that combine high relaxivity, with a
g = 2 or greater, with a high in vivo stability, and good extra-
cellular biodistribution will therefore contribute to public
safety and environmental benefits.* It is most likely that this
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FIGURE 2: Chemical structure of macrocyclic GBCAs currently marketed or in development. g: hydration number.

new generation of GBCAs will be coupled with refined image
processing techniques to further optimize diagnosis, and

reduce gadolinium use.”®

GBCA IN DEVELOPMENT. Another strategy to improve the
relaxivity of GBCAs is by increasing their molecular size to
slow down the rotational motion by linking single complexes
in multimeric systems. This strategy was adopted to develop
gadoquatrane. Gadoquatrane (BAY 1747840) is a tetrameric,
macrocyclic, extracellular GBCA, i.e., currently on late-stage
clinical development (Fig. 2).

The tetrameric complex carries four macrocyclic Gd-
GlyMe-DOTA cages per molecule building a neutral complex
with a molecular weight of 2579 g/mol. Compared to other
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marketed macrocyclic GBCAs, gadoquatrane has a lower
osmolality.®*

The r-relaxivity of gadoquatrane in human plasma
(at 37°C, pH 7.4) was 11.8 and 10.5 mM/s at 1.5 and 3.0 T,
respectively. MRI data of a rat glioblastoma showed that
gadoquatrane (at 0.1 mmol/kg) had clearly higher contrast-to-noise
ratio (CNR) than that with gadobutrol (at 0.1 mmol/ kg).G4 A first-
in-human study was conducted to assess the PK and safety of
gadoquatrane at dose levels ranging from 0.025 to 0.2 mmol/kg in
healthy participants.”®
ters to other currenty marketed macrocyclic GBCAs. Regarding

Gadoquatrane showed similar PK parame-

the safety profile, only mild to moderate adverse events were
reported (none serious) with gadoquatrane and no risk of QT/QTc
prolongation was identified at clinical dose levels.”®
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Gadopiclenol 0.05 mmol/kg

Gadobutrol 0.1 mmol/kg

FIGURE 3: Example of brain MR images from a patient with glioma. Axial 3D T1-weighted GRE MRI scans of a 46-year-old male
patient with high-grade glioma (lll/IV) who has received gadopiclenol at the dose of 0.05 mmol/kg (a) and gadobutrol at 0.1 mmol/

kg (b).

Three phase III clinical trials are currently being
conducted with gadoquatrane at a dose of 0.04 mmol/kg.77

CHALLENGES IN DEVELOPING NEW AGENTS. Aside from
the initial research costs, one particular challenge in develop-
ing new contrast agents is the considerable cost associated
with the non-clinical, clinical and industrial developments.
Clinical development requires controlled studies with large
population sizes. In the era of generics, these high develop-
ment costs reduce the likelihood of manufacturers recouping
their investment before patent expiration, and thus the emer-
gence of new contrast agents is likely to be rare.”®

The other challenges that discourage investment into
new contrast media include concerns that health authorities
might refuse to authorize the agent; and even if approved,
funders might refuse to reimburse it; and finally, radiologists
might be reluctant to use it. Manufacturing may also be more
challenging than anticipated, and pricing pressures may make
it impossible for manufacturers to recoup the development
costs. That said, a disruptive imaging method associated with
an innovative contrast agent could be expected to have a sub-

stantial impact on healthcare systems.””

Improvements in Imaging Analysis and Practice

NEW MRI TECHNIQUES TO IMPROVE IMAGE QUALITY
AND SPEED. Technological advances, including new signal
processing technologies will allow rapid acquisition of data,
enabling images to be reconstructed from relatively few mea-
surements.” These new techniques allow acquisition of three-
dimensional data sets with preserved spatial resolution in a
fraction of the standard examination time. These advances are
likely to have profound effects on MRI practice, potentially
improving patient care and minimizing costs and risk through
shorter and less invasive diagnostic examinations.” The
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increasing accessibility of MRI scanners with extended field of
view coils and a high field strength (3 T) has improved the
sensitivity of imaging and provides more rapidity.”” As a single
dose of contrast agent is distributed throughout the body,
scanners with large coil arrays can facilitate rapid and extensive
screening of different areas of the body, increasing the diagnos-
tic power for the same dose of contrast agent compared with
previous-generation scanners with a more limited field view.’
Theoretically, with the increase in the use of 3 T in clinical
practice, thanks to its better signal-to-noise ratio, this approach
affords greater sensitivity.*® These techniques are expected to
improve diagnostic precision, especially in very small lesions.
The optimization of post-contrast sequences (order, duration,
and type) combined with 3D acquisitions are especially useful
in the study of metastatic diseases in the central nervous sys-
tem.®' Techniques such as DIXON, which allow a highly
homogeneous subtraction of the fat signal, combined with the
administration of a contrast agent, facilitate the study of com-
plex areas such as the neck or particular regions of the muscu-
loskeletal system.®” The emergence of new sequences which
are compatible with GBCAs in terms of improving rapidity
and confidence is a promising area, but as yet there is no
strong evidence that these techniques have enabled reductions
in recourse to standard GBCAs.

In an effort to enhance accessibility, minimize MRI
expenses, and streamline workflows for both patients and radiol-
ogists during breast cancer screening, staging, and therapy
response assessment, abbreviated breast MRI (AB-MRI) has
been adopted by multiple organizations. While there is variabil-
ity in the specific AB-MRI protocols used, all emphasize a “keep
it short and simple” approach, and include at least a contrast-
enhanced T1-weighted sequence. Additionally, endeavors are
being made to incorporate ultrafast sequences to overcome the
limited temporal information in many AB-MRI scans or to
develop unenhanced AB-MRI protocols.*> AB-MRI has been

1781

858017 SUOWIWOD BRI 3(edl|dde ayy Aq pausenob ake saoie YO ‘SN JO SNl 10y Afeiq)8ul|UO A8|IA U0 (SUONIPUOD-PUB-SWBIAL0D" AB | IM"A g Ul [Uo//ScU) SUOIPUOD PuUe SW 1 8L 88S *[7202/2T/9T] Uo ARiqiTauliuo 48] euoeoled 8 ewouoiny BISeAIUN Ad T8T6Z" WI/Z00T 0T/I0p/W0d A8 im" ARe.d 1 jeuluo//:Sdny wouy papeojumod ' ‘v20Z ‘985222ST



Journal of Magnetic Resonance Imaging

also tested in other organs such as the liver, pancreas, and
prostate.

Non-enhanced techniques such as quiescent-interval
single-shot (QISS) MRA have been developed to reduce the
exposure to ionizing radiation and intravenous contrast
media, and their use in clinical practice has increased in the
past two decades. Nevertheless, QISS MRA has some draw-
backs such as inadequate washout of saturated spin in areas of
vessel tortuosity and in-plane flow, and precise cardiac gating
may not be possible with some patients.** Furthermore, com-
pared to contrast-enhanced MRA, QISS MRA presents with
a lower image quality in abdomino-pelvic vessels.®”

Innovative techniques using a subtractionless single-pass
whole-body contrast-enhanced MRA with the compressed-
sensing-accelerated mDixon MRA sequence were also shown
to be feasible, with relatively faster workflow and around
50% dose reduction of GBCA.*

ARTIFICIAL  INTELLIGENCE TO IMPROVE THE
EFFECTIVENESS OF CONTRAST ENHANCEMENT. Since
2018 with a pioneering study from Stanford researchers,®’
the field of virtual contrast enhancement has rapidly gained
momentum. An ensuing bulk of studies confirmed the feasi-
bility of synthesizing surrogate images for contrast-enhanced
MRI from pre-contrast and/or low-contrast sequences using
artificial intelligence.*® > Additionally, appropriately trained
deep learning methods with imaging protocols relying on
GBCA injections at 25%,”> or 10%,*® of the standard
90,91

dose (0.1 mmol/kg), or even no contrast agent, proved
sufficient to reconstruct promising virtual contrast-enhanced
T, images. For instance, Gong et al developed a deep learning
algorithm to investigate the potential reduction of gadolinium
dosage in contrast-enhanced brain MRI. They demonstrated
that synthesized images from a 10-fold lower gadolinium dose
images (0.01 mmol/kg) were comparable to true full-dose
images (0.1 mmol/kg) in terms of image quality, contrast
enhancement, and artifact suppression.’” Another study by
Ammari et al used a deep learning algorithm to predict surro-
gate MRI images using only 25% of the standard dose
(i.e., 0.025 mmol/kg). This study showed that virtual images
were qualitatively superior to standard-dose MRI images.
Regarding lesion detection performance, the brain lesion sen-
sitivity of the virtual images was 83% for lesions larger than
10 mm. However, the average sensitivity dropped to 67% for
lesions larger than 5 mm, and 56% with all lesions included
regardless of their size.”?

Most recent research has focused on quantifying their

88,92 .
92 and glioma

diagnostic value in brain neoplasm detection,
tumor response assessment.”’ To date, accurately restoring
the contrast of smaller lesions is one of the more prominent
technical challenges for the field. This limitation could be cir-
cumvented by amplifying the contrast of standard rather than

low-dose enhanced MRI, yielding a greater than usual
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sensitivity for lesion detection.”” Indeed, a deep learning
method designed to increase the CNR in contrast-enhanced
brain MRI images acquired at a standard dose (0.1 mmol/kg)
was shown to provide superior images compared to reference
ones in terms of CNR, lesion-to-brain ratio and contrast
enhancement percentage, as well as overall image quality. For
lesion detection performance, the sensitivity increased from
88% to 96% for lesions larger than 10 mm, from 70% to
85% for lesions larger than 5 mm, and from 59% to 75%
when considering all lesions regardless of their size.”
Published studies share a retrospective design and a
common focus on T;-weighted sequences in neuro-oncology,
with large proportions of patients suffering either from glioma
or brain metastases. Further potential applications remain

9495 or beyond, for

unexplored, either within neuroradiology,
instance in abdominal or musculoskeletal imaging. In future
years, new investigations in a broad range of clinical indica-
tions and large prospective studies should be expected, with
the potential to lower GBCA doses and increase MRI sensi-

tivity in routine care.

Conclusion

Since the emergence of serious adverse events (NSF) associ-
ated with the administration of some GBCAs and the reports
on the gadolinium retention in the brain and other body tis-
sues, research initiatives have focused on ways of reducing or
avoiding the wuse of gadolinium altogether without
compromising on contrast enhancement. These research ave-
nues have included improvements in scanner hardware, image
analysis software, and the exploration of new contrast agents
based on alternative lanthanide ions, or using GBCAs with
improved relaxivity.* Gadopiclenol is the first example of this
new class of true half-dose GBCA, achieving a comparable
diagnostic efficacy to existing GBCAs at half the dose of gad-
olinium.>”® High stability, and high-relaxivity GBCAs will
be one of the solutions to lowering gadolinium levels in
patients and in the environment.’® Future solutions may
involve a combination of next-generation GBCA enhance-
ment and image-processing techniques to optimize diagnosis
and treatment planning while minimizing exposure to

gadolinium. 56
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