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Editorial on the Research Topic
Magnetic resonance imaging contrast agents: the safety of gadolinium

Gadolinium-based contrast agents (GBCAs) revolutionized magnetic resonance
imaging when introduced in the 1980s, providing clinicians with exceptional clarity in
visualizing soft tissue pathology (Lohrke et al., 2016). Their early reputation as benign
alternatives to iodinated contrast agents became dogma, bolstered by high diagnostic yield
and widespread use in neuroradiology, oncology, and vascular imaging.

Gadolinium (Gd) itself is a rare-earth metal with no known physiologic role, and
pharmaceutical formulations bind gadolinium with multidentate organic ligands in an
attempt to render it inert and promote elimination. Use of GBCAs increased until the
early-mid 2000s when gadolinium was linked to the formation of nephrogenic systemic
fibrosis (NSF), a devastating and disfiguring condition manifesting with dermal thickening,
joint contractures, and visceral fibrosis in patients with acute or chronic renal dysfunction (Abu-
Alfa, 2020). Subsequently, the United States Food and Drug Administration (FDA) and the
European Medicines Agency (EMA) mandated boxed warnings on GBCAs, highlighting the risk
of systemic fibrosis. The American College of Radiology (ACR) categorized magnetic resonance
imaging contrast agents into risk groups for nephrogenic systemic fibrosis (NSF) based on
reported cases unconfounded by multiple brand exposures. These categorizations—Group 1
(agents associated with the highest number of NSF cases), Group 2 (fewer or no unconfounded
cases), and Group 3 (insufficient data)—largely mirrored market share at the time of
classification rather than reflecting intrinsic chemical risk (Starekova et al, 2024). In the
aftermath, retrospective assumptions tended to disproportionately implicate agents with larger
market shares prior to 2007, inadvertently favoring less widely used agents or those that were still
in the approval pipeline—often without direct comparative evidence. Inevitably, given their
longer time on the market, our understanding of Group 1 agent toxicity was far more developed
than for newer Group 2 agents, for which long-term safety data remain comparatively limited.

Over time, the warnings (and subsequent litigation) drastically reduced the use of
GBCAs in patients with high-risk chronic kidney disease and end-stage renal disease
leading to a total decrease in the number of cases of systemic fibrosis to the point where
researchers may be prone to believing that newer GBCAs are safe and no longer associated
with NSF (Maripuri and Johansen, 2020).
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Risk of Contrast Agent Exposures
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Bone marrow—derived circulating
cells drive gadolinium-induced
fibrosis.

Intracellular gadolinium sediments
contribute  to  structural and
pathological changes.

The link between gadolinium
nanoparticle precipitation and the
onset of symptoms demands
continued research efforts.
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FIGURE 1

Chronic Gadolinium Deposition and Proposed Mechanisms of Pathophysiology. Gadolinium administration has been linked to the formation of
nephrogenic systemic fibrosis and we list proposed mechanisms for the association between Gd contrast exposure and symptoms consistent with
Gadolinium Deposition Disease. Intracellular mechanisms of gadolinium toxicity are shown in the lower panel which have also been associated with

mitochondrial injury and other cellular damage.

Despite reassuring epidemiological data, in vivo studies have
increasingly revealed that gadolinium contrast agents may not be
biologically inert (Figure 1). In the early to mid-2010s, the effects of
chronic gadolinium retention began to be better understood. In a
2016 study, Dr. Tomonori Kanda and colleagues published a study
reporting that even in patients with normal renal function, there was
an increase in T1 signal intensity in deep brain nuclei that correlated
with the cumulative number of GBCA administrations with
confirmed gadolinium deposition in both brain and extracranial
tissues (Kanda et al, 2016). A couple of years later, Dr. Robert
McDonald and his team validated that MRI contrast agent exposure
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had a legacy of retained gadolinium in central nervous system
neurons (including within the nuclei) (Levine et al., 2018). While
these studies firmly established the presence of gadolinium in brain
tissue, they did not demonstrate a direct link to clinical symptoms.
Nonetheless, anecdotal patient reports of persistent pain, cognitive
complaints, and other ill-defined symptoms after GBCA exposure
have been described in the literature, giving rise to concerns about a
condition termed “gadolinium deposition disease” (Ramalho et al.,
2016; Layne et al,, 2018; Layne et al, 2020). In response to the
accumulating evidence of retention and the uncertainty surrounding
its clinical implications, the FDA Medical Imaging Drugs Advisory
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Committee in 2017 recommended expanding warning labels to all
GBCAs and required manufacturers to conduct additional human
and animal safety studies to better assess potential long-term effects.

Currently, multiple studies have documented gadolinium
deposits in bone, brain, and renal tissue, even in individuals with
normal renal function and tried to explain the pathologic
mechanisms involved (Murata et al., 2016; Biicker et al., 2022;
Semelka and Ramalho, 2023; Wagner et al., 2012; Bruno et al,
2021; Do et al, 2019a; Do et al,, 2019b; DeAguero et al., 2023;
Henderson et al., 2025). Two studies published in this special edition
go further to elucidate the mechanism of gadolinium deposition.
Investigators at the Kidney Institute of New Mexico identified
gadolinium-rich nanoparticles in kidney cells from patients
without renal impairment (Cunningham et al.). Notably, they
were not dissociated ions but complex aggregates formed after
injection. In another study published in this special edition, John
Prybylski and his team showed that iron deficiency primes the brain
for gadolinium uptake (Prybylski et al.). In rodents, it targets the
olfactory bulbs—regions rich in oxidation-reduction activity.
Human data echo the rodent models: patients exposed to
contrast agents report neuropathic pain, cognitive fog, and
crushing fatigue (Semelka and Ramalho, 2023).

While these studies further our understanding of the
pathophysiology behind gadolinium deposition disease, they also
demand larger scale safety studies. Chelated gadolinium appears
inert in solution, but these studies show clinically relevant quantities
of gadolinium dissociating from its multidentate ligand cage and
lingering, especially in a cellular milieu saturated with agents primed
to precipitate rare earth metals. The ACR guidelines appear to
exonerate agents that have not been administered at the scale of
Magnevist, Omniscan, OptiMARK, and Gadovist, while asserting
the safety of Group 2 agents with a level of certainty that may
outpace the current evidence. In the absence of a clear mechanistic
understanding of gadolinium-related complications, these
guidelines rest on assumptions that may be premature.

How does this translate to bedside? Most providers do not
understand the mechanisms of gadolinium-induced systemic
fibrosis, nor do they know the kinetics of GBCA elimination.
Recognizing the limits of our understanding is a fundamental
part of scientific inquiry and we encourage clinicians who
frequently order MRI studies to not be cavalier with contrast. If a
non-contrast study can provide the same diagnostic yield, why
should we risk the exposure to a substance with yet potential
unforeseen consequences. For clinicians with a deeper
understanding, we encourage them to ask these thought-
provoking questions: Why does gadolinium retention correlate
with symptoms that evade clear nosological categories? Why are
we willing to accept the permanence of gadolinium deposits in the
brain without demanding mechanistic clarity? These studies here
advance our understanding of gadolinium toxicity, though further

research is needed to clarify its effects on cellular physiology.
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We also encourage policymakers and radiology leadership to
reassess the axioms. Group 2 agents are not inert. The burden of
proof must lie with those who assert long-term safety, not those who
question it.

The patients have spoken and their voice matters. Accounts of
long-term gadolinium deposition disease—often derided as
anecdotes—signal phenomena our models do not yet explain.

In the end, there are no perfect agents, only trade-offs. But
vigilance and transparency should define those trade-offs. We need
unbiased registries, longitudinal studies, and mechanistic research to
trace the true sequelae of GBCA exposure.

Author contributions

JS: Writing - original draft, Writing — review and editing. JD:
Writing - original draft, Writing - review and editing. BW:
Writing - original draft, Writing — review and editing.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Conflict of interest

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

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’'s note

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

Bruno, F., DeAguero, J., Do, C, Lee, D. Y., Tan, C, Escobar, G. P., et al. (2021). Overlapping
roles of NADPH oxidase 4 for diabetic and gadolinium-based contrast agent-induced systemic
fibrosis. Am. J. Physiol. Ren. Physiol. 320 (4), F617-F627. doi:10.1152/ajprenal.00456.2020

frontiersin.org


https://doi.org/10.3389/ftox.2024.1376587
https://doi.org/10.3389/ftox.2024.1403031
https://doi.org/10.1053/j.ajkd.2020.03.011
https://doi.org/10.1152/ajprenal.00456.2020
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2025.1664840

Sy et al.

Biicker, P., Funke, S. K. I, Factor, C., Rasschaert, M., Robert, P., Sperling, M., et al.
(2022). Combined speciation analysis and elemental bioimaging provide new insight
into gadolinium retention in kidney. Met. Integr. Biometal Sci. 14 (3), mfac004. doi:10.
1093/mtomcs/mfac004

DeAguero, J., Howard, T., Kusewitt, D., Brearley, A., Ali, A. M., Degnan, J. H,, et al.
(2023). The onset of rare earth metallosis begins with renal gadolinium-rich
nanoparticles from magnetic resonance imaging contrast agent exposure. Sci. Rep.
13, 2025. doi:10.1038/s41598-023-28666-1

Do, C,, Ford, B., Lee, D. Y., Tan, C,, Escobar, P., and Wagner, B. (2019a). Gadolinium-
based contrast agents: stimulators of myeloid-induced renal fibrosis and major
metabolic disruptors. Toxicol. Appl. Pharmacol. 375, 32-45. doi:10.1016/j.taap.2019.
05.009

Do, C., Drel, V., Tan, C,, Lee, D., and Wagner, B. (2019b). ‘Nephrogenic’ systemic
fibrosis is mediated by myeloid C-C chemokine receptor 2. J. Invest Dermatol 139 (10),
2134-2143.e2. doi:10.1016/j.jid.2019.03.1145

Henderson, I. M., Benevidez, A. D., Mowry, C. D., Watt, J., Bachand, G. D, Kirk, M.
L., et al. (2025). Precipitation of gadolinium from magnetic resonance imaging contrast
agents may be the Brass tacks of toxicity. Magn. Reson Imaging 119, 110383. doi:10.
1016/j.mri.2025.110383

Kanda, T., Nakai, Y., Oba, H., Toyoda, K., Kitajima, K., and Furui, S. (2016).
Gadolinium deposition in the brain. Magn. Reson Imaging 34 (10), 1346-1350.
doi:10.1016/j.mri.2016.08.024

Layne, K. A, Dargan, P. L, Archer, J. R. H., and Wood, D. M. (2018). Gadolinium
deposition and the potential for toxicological sequelae - a literature review of issues
surrounding gadolinium-based contrast agents. Br. J. Clin. Pharmacol. 84 (11),
2522-2534. doi:10.1111/bcp.13718

Layne, K. A,, Wood, D. M., and Dargan, P. 1. (2020). Gadolinium-based contrast
agents - what is the evidence for “gadolinium deposition disease” and the use of

Frontiers in Toxicology

04

10.3389/ftox.2025.1664840

chelation therapy? Clin. Toxicol. Phila Pa 58 (3), 151-160. doi:10.1080/15563650.2019.
1681442

Levine, D., McDonald, R. J., and Kressel, H. Y. (2018). Gadolinium retention
after contrast-enhanced MRI. JAMA 320 (18), 1853-1854. doi:10.1001/jama.2018.
13362

Lohrke, J., Frenzel, T., Endrikat, J., Alves, F. C., Grist, T. M., Law, M., et al. (2016).
25 years of contrast-enhanced MRI: developments, current challenges and future
perspectives. Adv. Ther. 33 (1), 1-28. doi:10.1007/s12325-015-0275-4

Maripuri, S., and Johansen, K. L. (2020). Risk of gadolinium-based contrast agents in
chronic kidney Disease-Is zero good enough? JAMA Intern Med. 180 (2), 230-232.
doi:10.1001/jamainternmed.2019.5278

Murata, N., Murata, K., Gonzalez-Cuyar, L. F,, and Maravilla, K. R. (2016).
Gadolinium tissue deposition in brain and bone. Magn. Reson Imaging 34 (10),
1359-1365. doi:10.1016/j.mri.2016.08.025

Ramalho, J., Semelka, R. C., Ramalho, M., Nunes, R. H., AlObaidy, M., and Castillo,
M. (2016). Gadolinium-based contrast agent accumulation and toxicity: an update.
AJNR Am. J. Neuroradiol. 37 (7), 1192-1198. doi:10.3174/ajnr.A4615

Semelka, R. C., and Ramalho, M. (2023). Gadolinium deposition disease: current state
of knowledge and expert opinion. Invest Radiol. 58 (8), 523-529. doi:10.1097/RLI
0000000000000977

Starekova, J., Pirasteh, A., and Reeder, S. B. (2024). Update on gadolinium-based
contrast agent safety, from the AJR special series on contrast media. AJR Am.
J. Roentgenol. 223 (3), €2330036. doi:10.2214/AJR.23.30036

Wagner, B., Tan, C,, Barnes, J. L., Ahuja, S., Davis, T. L., Gorin, Y., et al. (2012).
Nephrogenic systemic fibrosis: evidence for oxidative stress and bone marrow-derived
fibrocytes in skin, liver, and heart lesions using a 5/6 nephrectomy rodent model. Arm.
J. Pathol. 181 (6), 1941-1952. doi:10.1016/j.ajpath.2012.08.026

frontiersin.org


https://doi.org/10.1093/mtomcs/mfac004
https://doi.org/10.1093/mtomcs/mfac004
https://doi.org/10.1038/s41598-023-28666-1
https://doi.org/10.1016/j.taap.2019.05.009
https://doi.org/10.1016/j.taap.2019.05.009
https://doi.org/10.1016/j.jid.2019.03.1145
https://doi.org/10.1016/j.mri.2025.110383
https://doi.org/10.1016/j.mri.2025.110383
https://doi.org/10.1016/j.mri.2016.08.024
https://doi.org/10.1111/bcp.13718
https://doi.org/10.1080/15563650.2019.1681442
https://doi.org/10.1080/15563650.2019.1681442
https://doi.org/10.1001/jama.2018.13362
https://doi.org/10.1001/jama.2018.13362
https://doi.org/10.1007/s12325-015-0275-4
https://doi.org/10.1001/jamainternmed.2019.5278
https://doi.org/10.1016/j.mri.2016.08.025
https://doi.org/10.3174/ajnr.A4615
https://doi.org/10.1097/RLI.0000000000000977
https://doi.org/10.1097/RLI.0000000000000977
https://doi.org/10.2214/AJR.23.30036
https://doi.org/10.1016/j.ajpath.2012.08.026
https://www.frontiersin.org/journals/toxicology
https://www.frontiersin.org
https://doi.org/10.3389/ftox.2025.1664840

	Editorial: Magnetic resonance imaging contrast agents: the safety of gadolinium
	Author contributions
	Author contributionsJS: Writing – original draft, Writing – review and editing. JD: Writing – original draft, Writing – rev ...
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


