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Brain MRIs make up the bulk of the gadolinium footprint in medical imaging
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Introduction:

Gadolinium-based contrast agents (GBCAs) have been used in magnetic resonance imaging (MRI) exams since 1988, as contrast enhancers to improve image quality thanks to their paramagnetic properties. To be used in humans, free gadolinium must be chelated to ligands because it is toxic in vivo [START_REF] De Campos Ro | Application of gadolinium based contrast agents in abdominal magnetic resonance imaging: important considerations[END_REF]. Based on the structure of the ligand, GBCAs can be divided in two categories, linear and macrocyclic [START_REF] Idée | Role of thermodynamic and kinetic parameters in gadolinium chelate stability[END_REF]. For over 30 years, all GBCAs approved for magnetic resonance studies have been considered safe [START_REF] Bleicher | Assessment of adverse reaction rates to a newly approved MRI contrast agent: review of 23,553 administrations of gadobenate dimeglumine[END_REF]. Since 2006, several studies have been questioning their use by demonstrating that linear GBCAs can cause nephrogenic systemic fibrosis in patients with kidney failure [START_REF] Grobner | Gadolinium: a specific trigger for the development of nephrogenic fibrosing dermopathy and nephrogenic systemic fibrosis?[END_REF][START_REF] Marckmann | Nephrogenic systemic fibrosis: suspected causative role of gadodiamide used for contrastenhanced magnetic resonance imaging[END_REF]. This disease mainly affects the skin but may also affect other organs [START_REF] Broome | Nephrogenic systemic fibrosis associated with gadolinium based contrast agents: a summary of the medical literature reporting[END_REF]. More recently, numerous studies showed evidence of gadolinium accumulation in the liver, kidneys, skin and bones, however without proven clinical consequences for now. It is also confirmed that gadolinium is deposited in the brain, even with a normal renal function and intact blood-brain barrier, and that it increases T1 signal intensity in few deep brain regions [START_REF] Mcdonald | Intracranial gadolinium deposition after contrast-enhanced MR imaging[END_REF][START_REF] Gulani | Gadolinium deposition in the brain: summary of evidence and recommendations[END_REF]. No neurological effects have been attributed to this deposition yet. However, on November 2017, a suspension of the marketing authorization for 4 of the linear GBCAs has been decided by the European Medicines Agency (EMA) as a precautionary principle (9).

Several studies showed evidence of GBCAs' environmental impact by contaminating the aquatic environment [START_REF] Kummerer | Hospital Effluents as a Source of Gadolinium in the Aquatic Environment[END_REF][START_REF] Bau | Anthropogenic gadolinium as a micropollutant in river waters in Pennsylvania and in Lake Erie, northeastern United States[END_REF][START_REF] Elbaz-Poulichet | Occurrence of an anthropogenic gadolinium anomaly in river and coastal waters of Southern France[END_REF]. Indeed, after being eliminated from the patient's body and released into waste-water systems, gadolinium is not removed in the treatment of effluents and ends up directly in rivers and seawater where its concentrations, still low, are now regularly increasing [START_REF] Verplanck | Evaluating the behavior of gadolinium and other rare earth elements through large metropolitan sewage treatment plants[END_REF][START_REF] Hatje | Increases in anthropogenic gadolinium anomalies and rare earth element concentrations in San Francisco Bay over a 20 years record[END_REF]. One of the consequences currently questioned is the gadolinium toxicity on aquatic organisms. We have some evidence of morphological and genetical alterations on urchins, fresh-water mussels and goldfish [START_REF] Martino | Gadolinium perturbs expression of skeletogenic genes, calcium uptake and larval development in phylogenetically distant sea urchin species[END_REF][START_REF] Hanana | Comparative study of the effects of gadolinium chloride and gadolinium based magnetic resonance imaging contrast agent on freshwater mussel, Dreissena polymorpha[END_REF][START_REF] Cheny | Effects of rare earth metal ions and their EDTA complexes on antioxidant enzymes of fish liver[END_REF].

Over the last 10 years, we have witnessed both the development of MRI in medicine, with the major role played by gadolinium in the diagnosis, and at the same time the questions about the consequences of deposits on humans and the environment. It therefore seemed interesting to know the quantity of gadolinium consumed annually, to study the evolution of radiologists' practices as well as the examinations and structures that have the greatest impact on the gadolinium footprint.

Materials and Methods:

This research was conducted in accordance with actual laws and ethics and with the Helsinky Declaration and its revisions. A part of the data is already in the public domain. As a noninterventional retrospective study, a commitment to compliance (Reference Methodology MR-3) was declared to the French national information science and liberties commission (CNIL), in respect to the General Data Protection Regulation. In our retrospective observational study, we collected the French national data over the last 8 years (2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018) concerning the administration of GBCAs with details of each molecule, the number of MRI devices available and the number of inhabitants from the national public health databases [START_REF]Medic'AM database maintained by the Sécurité Sociale[END_REF]. By knowing the gadolinium concentration for each GBCA dose, we were able to calculate the amount of gadolinium used. We also collected, for the same period, the data for each medical structure in western Brittany (France). The administration of GBCAs by public structures was provided by the pharmacies of each hospital of Western Brittany: Brest university hospital, Brest military teaching hospital, Quimper and Morlaix community hospitals. The databases of each hospital gave us the number of MRI scanners and MRI examinations performed during the 2011-2018 period. Using the "Classification Commune des Actes Médicaux" code of each MRI exam, we separated contrast-enhanced and non-contrast-enhanced exams for each organ (breast, heart, head and neck, thorax-abdomen, brain, vessels, spine, bone-joints). We collected the data from private structures about gadolinium administration and the number of MRI exams performed for each organ from the Caisse Primaire d'Assurance Maladie (CPAM), the French health insurance agency, the insurance fund for 92% of the French population in 2018 [START_REF]Les chiffres clés de la sécurité sociale 2017[END_REF].

Quantitative variables are described by their means and 95% confidence interval (CI). The assumption of normal data distribution was verified by the Shapiro and Wilk test, and a Student's t-test was used to compare means between two groups. Considering multiple groups, a oneway analysis of variance was performed using F-statistics to determine whether group means were equal. GBCA's consumption (amount of delivered GBCAs in kg) was declared as a time-series variable when analyzing its evolution over the years. Adapted linear regression was performed. Qualitative variables are described by frequencies and 95% CI, which were computed using resampling methods. A value of p <0.05 is used to indicate significance. Statistical analyzes were conducted using STATA software (15.1, Statacorp, TX).

Results

: French GCAs consumption and regional specificities

The table 1 summarizes the main findings of the study. On a national level, the number of MRI scanners was 592 in 2011 and 960 in 2018 (an increase of 62%), with a ratio of 9,4 machines per million inhabitants in 2011 and 14.2 in 2018 (an increase of 51%). In the same way, we note a use of 1470kg GBCAs in 2011 and 2636kg in 2018, that is 23.3kg in 2011 versus 38.9kg of GBCAs per million inhabitants in 2018, representing an increase of 64% over the last 8years.

Western Brittany only had 7 MRI scanners in 2011 and 11 in 2018 (an increase of 57%), with a ratio of 8.3 machines per million inhabitants in 2011 versus 12 in 2018 (an increase of 45%).

Therefore, the gadolinium consumption per million inhabitants is lower, with 13.5kg in 2011 and 26.6kg in 2018 (an increase of 97%) (fig. 1).

GBCA's consumption relative to the number of MRI scanners

In France, the annual quantity of GBCAs used per machine was 2.5kg in 2011 and 2.7kg in 2018 (an increase of 8%). Total gadolinium consumption is linearly associated with the number of available MRI scanners (Beta = 3.18, 95% CI, 2.92-3.43, p<0.001, R 2 = 0.99) (fig.

2).

Over the 8 years, the average annual quantity of GBCAs used per machine was 2.6kg 95% CI, 2.5-2.7. Concerning the molecules, the ratio of macrocyclic agents to macrocyclic and linear agents was 0.79 in 2011 and 0.95 in 2018 (an increase of 20%) (l fig. 3).

In Western Brittany, the annual consumption of GBCAs per machine is also lower with 1.6kg in 2011 and 2.2kg in 2018 (an increase of 37%). Over the 8 years, the average annual quantity of GBCA used per machine was 1.9kg (95% CI, 1.6-2.0). The macrocyclic to macrocyclic and linear ratio has evolved from 0.84 to 0.97 (an increase of 15%).

Regional heterogeneity between private and public practices

In Western Brittany, the average annual number of exams performed by public and private hospitals is 22413 (95% CI, 19617-25209) and 19695 (95% CI, 16463-22925) respectively.

No difference in the number of exams performed between public and private structures is evidenced (p=0.093) and it remained stable over the years (p=0.942). GBCAs are used for 38% (95% CI, 32-44) of all the MRI examinations in Western Brittany. In private structures, it is 29% (95% CI, 26-30) and, in public hospitals, 48% (95% CI, 46-49). Over the 8 years of the study, these ratios remained stable (p=0.997).

Radiologic organ specialty involved in the gadolinium footprint

In Western Brittany, about half of the injections are represented by the brain MRI (50%; 95% CI, 45-56), followed by thorax-abdomen (23%; 95% CI, 18-28).

In private structures, most of the injections can be assigned to brain (42%, 95% CI, 39-44) and thorax-abdomen (31%; 95% CI, 25-37), whereas in public structures they are assigned to brain (59%; 95% CI, 55-63), followed far behind by thorax-abdomen (16%; 95% CI, 14-18) (fig. 4a).

However, there is an important difference between the exams performed by the private and public hospitals (fig. 4b): the majority of private exams are joints-bone and spine, (40%; 95% CI, 39-41 and 23%; 95% CI,22-24) respectively, followed by brain (16%; 95% CI, [START_REF] Martino | Gadolinium perturbs expression of skeletogenic genes, calcium uptake and larval development in phylogenetically distant sea urchin species[END_REF][START_REF] Hanana | Comparative study of the effects of gadolinium chloride and gadolinium based magnetic resonance imaging contrast agent on freshwater mussel, Dreissena polymorpha[END_REF][START_REF] Cheny | Effects of rare earth metal ions and their EDTA complexes on antioxidant enzymes of fish liver[END_REF] and thorax-abdomen (13%; 95% CI, 12-14) whereas the majority of public exams are brain (47%; 95% CI, 18-50), followed far behind by spine (18%; 95% CI, 17-19), joint-bone (16%; 95% CI,14-18) and thorax-abdomen (11%; 95% CI, 10-13).

The organs that most often require a contrast injection in Western Brittany

Breast, heart and vessels require an injection almost every time in private and public structures. The proportion of injected encephalic examinations to all encephalic examinations is significantly higher in private institutes (75%; 95% CI, 72-79) than in public ones (59%; 95% CI, 57-62). Joint-bones and spine are less frequently injected in private structures, with 6% (95% CI, 4-7) versus 11% (95% CI, 8-12) for joint-bones and 6% (95% CI, 5-7) versus 24% (95% CI, 20-29) for spine. Ratios are the same for the thorax and abdomen: 71% (95%; 57-80) versus 66% (95% CI, 62-70) and the head and neck (84% 95% CI, 79-88) versus 72%; 95% CI, 66-80).

Discussion:

Over the past eight years, we observed a statistically significant increase in the number of MRI machines in France and in the number of machines per million of inhabitants, associated with an increase of annual gadolinium consumption per million of inhabitants which doubled in less than 10 years and is linearly correlated with the number of available MRI scanners.

The quantity of gadolinium consumed in France in 2018 was 2636kg. However, the ratio of contrast-enhanced MRI examinations remains the same over the years and represents twofifths of all MRI examinations in Western Brittany.

The most frequently performed examinations that are the spine and the osteo-articular, are those which require the least injections.

The most important gadolinium consumption comes from neuroimaging exams, for which the greatest variety of practices between public and private is observed.

Data on the number of MRI equipment and the number of injected exams performed annually have already been published, but the originality of our research is to have them correlated in order to study the evolution of practices, but also to have converted these data into gross gadolinium consumption. It seemed to be a good way to highlight the environmental consequences of our practice. Indeed, we have estimated at almost 3 tons the quantity of gadolinium released annually in France.

Recent studies from all around the world demonstrated that gadolinium concentrations in coastal waters are increasing and are strongly correlated with medical activities [START_REF] Goff | Compoundspecific recording of gadolinium pollution in coastal waters by great scallops[END_REF], with consequences on aquatic organisms. A consequence that pertains more to humans is that the anthropogenic gadolinium that is not removed in wastewater treatment plants can enter tap water and be transferred to beverages with gadolinium enrichment in shallow groundwaters (then used as drinking water) [START_REF] Kulaksız | Anthropogenic gadolinium as a microcontaminant in tapwater used as drinking water in urban areas and megacities[END_REF][START_REF] Schmidt | Anthropogenic gadolinium in tap water and in tap water-based beverages from fast-food franchises in six major cities in Germany[END_REF]. This may alert us on a potential second source of human contamination by gadolinium, of course at very low rates for now, far from toxicity thresholds. However, our study confirmed this increase in gadolinium utilisation in medical activities and it seems obvious that the pace of implementation of MRI scanners will not decrease in the years to come.

The increase in the number of machines and therefore the use of GBCAs is the logical result of the development of technologies, and the expansion of indications and diagnostic methods.

It is reassuring to note that the ratio of injection remains the same, demonstrating that the practices remain stable.

On the other hand, we must question this stability over the years. Despite the recent knowledge about GBCAs' potential danger, it seems that no substantial modification of the radiologic practices can be observed for now. It is however important to keep in mind that our study did not explore the evolution of the indications of the MRI exams.

Another interesting point is that we observe an important decrease in the ratio of linear use after 2017 (after the suspension of the marketing authorization for 4 linear molecules). We must keep in mind that there is a residual consumption which justifies long-term monitoring of the potential side effects of these molecules on humans. The remaining marketing authorization in France is for the MultiHance (gadobenic acid), that undergoes liver absorption and has a clinical utility for the diagnostic of the poorly vascularized liver lesions, and for intra-articular gadopentetic acid because the dose given is very low [9].

In Western Brittany, it appears that 50% of MRI exams are performed in private structures, while this proportion is higher at the national level [START_REF]Rapport de la cour des comptes : L'imagerie médicale Communication à la commission des affaires sociales du Sénat[END_REF].

The first important point is that the most important gadolinium impact can be assigned to neuroimaging in public and private structures, followed by thorax and abdomen exams for private activity. Breast, vessels and heart exams are almost always injected but only represent a tiny part of all the exams performed. Thorax-abdomen and head-neck exams have similar ratios of injections between private and public that remain stable over the years, suggesting clear and followed recommendations on the protocols according to the indications.

The second point is that the ratio of injected exams is greater in public institutes than in private ones, probably because most of the exams performed in private structures are spine and joint-bone, which have a very low ratio of injection. However, it is unexpected to find that brain examinations are more often injected in private than in public facilities. Indeed, in the public sector, the MRI evaluation of suspected acute strokes is much higher than in private practice and one would therefore expect the opposite behaviour.

We observed that joint-bones and spine are more often injected in public than in private structures, probably due to a different recruitment of patients between both structures (more complicated exams, more oncology diagnostics and following at the public hospital that require an injection).

In the end, the most important gadolinium consumption comes from neuroimaging exams, for which the greatest variety of practices is observed. Thus, it appears important to discuss the role of GBCAs in neuroimaging and look for solutions.

A limitation of the study is that, for the private activity in Western Brittany and for gadolinium consumption in France, we lack approximatively 8% of the data because we collected them from CPAM-assured patients that represent 92% of the whole population [START_REF]Les chiffres clés de la sécurité sociale 2017[END_REF].

The total consumption in kg of GBCAs was calculated from data extracted from national and local databases, it effectively reflects the pure delivery of the drug and not the dose actually administered. In this retrospective study, we were unable to quantify this dose, but we assume that the consumption of the number of boxes of GBCA reflects the amount administered, as an approximation. Compared to the study of Kummerer and Helmers in 2000 that estimated annual gadolinium emission from a German University Hospital at 2,1 to 4,2 kg per machine (based on gadolinium emission measurements in wastewaters) and annual emission by German Hospitals at 481 to 1160 kg, our data collection seems consistent [START_REF] Kummerer | Hospital Effluents as a Source of Gadolinium in the Aquatic Environment[END_REF]. We also regret that some data were only collected in Western Brittany, where we realized that the equipment and consumption were different than other regions in France, although it followed the same evolution over the last 10 years. Thus, it opens the door to the possibility of extrapolating the results to most countries or cities: by knowing the number of MRI scanners, we can estimate the consumption of gadolinium. Based on the estimation of 20 million gadolinium contrastenhanced procedures performed worldwide in 2005, and considering each enhanced examination using 1.1-1.3 g of gadolinium, Thomsen estimated an annual consumption of 22 to 66 tons of gadolinium [START_REF] Thomsen | Are the increasing amounts of gadolinium in surface and tap water dangerous?[END_REF].

Another limitation is that we do not have the details of the population receiving the exams.

Indeed, considering recent studies on gadolinium deposits in neural tissue following repeated injections [START_REF] Ramalho | Gadoliniumbased contrast agent accumulation and toxicity: an update[END_REF][START_REF] Adin | Hyperintense dentate nuclei on T1-weighted MRI: relation to repeat gadolinium administration[END_REF], it would be interesting to know if this increase in examinations also concerns an increase in the number of GBCAs injections on the same patients, although no clinical consequence has been demonstrated yet [START_REF] Welk | Association Between Gadolinium Contrast Exposure and the Risk of Parkinsonism[END_REF]. It would also be interesting to distinguish the pediatric population from the adult one, in order to know if the practices of radiologists in terms of injection are different. Indeed, we know that pediatric brain gadolinium deposition is generally more vulnerable to toxins and that the lifetime dose and duration of exposure to GBCAs will be greater in children than in adults [START_REF] Flood | Pediatric brain: repeated exposure to linear gadolinium-based contrast material is associated with increased signal intensity at unenhanced T1weighted MR imaging[END_REF].

In the end, our study demonstrated that gadolinium consumption is increasing, in correlation with the increase in the number of MRI scans performed. Neuroradiology is responsible for the greatest impact on the gadolinium footprint, with also the greatest variability of practices.

We are convinced that the number of MRI scans will continue to grow over the next decade, so it is our responsibility to optimize our consumption of gadolinium to come to the best diagnosis while keeping in mind the pollution of the environment and the questions about the effects on humans [START_REF] Brisset | Imaging Working Group of the "Observatoire Français de la Sclérose en Plaque" (OFSEP) and the OFSEP imaging group, New OFSEP recommandations for MRI assessment of multiple sclerosis patients: Special consideration for gadolinium deposition and frequent acquisitions[END_REF]. To achieve this goal, radiological community may rely on current alternatives [START_REF] Delgado | Diagnostic value of alternative techniques to gadolinium-based contrast agents in MR neuroimaging -a comprehensive review[END_REF] or research to decrease the load of contrast injection, such as synthetic MRI [START_REF] Fujita | Synthetic MRI and MR fingerprinting in routine neuroimaging protocol: What's the next step?[END_REF][START_REF] Ryu | Initial clinical experience of synthetic MRI as a routine neuroimaging protocol in daily practice: a single-center study[END_REF], MRA or contrast generation using deep learning approach [START_REF] Fujita | Deep learning approach for generating MRA images from 3D quantitative synthetic MRI without additional scans[END_REF][START_REF] Kleesiek | Can Virtual Contrast Enhancement in Brain MRI Replace Gadolinium?: A Feasibility Study[END_REF], radiomics-based characterization of tumor process without enhanced markers or recent advances in Diffusion-Weighted Imaging biomarkers [START_REF] Bologna | Relevance of apparent diffusion coefficient features for a radiomics-based prediction of response to induction chemotherapy in sinonasal cancer[END_REF].
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Figure 1: Evolution of the GBCAs consumption (kg) per million inhabitants over the years, between 2011-2018: comparison between France and regional data. 
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