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Keywords: 

For almost 80 years 131I radioiodine (RAI) therapy has proven to be an efficient and welltolerated therapeutic option in patients with Graves' disease (GD). Along with anti-thyroid drugs (ATD) and thyroidectomy, RAI is one the three major therapeutic tools for this autoimmune disease. The objective of this article is to review how RAI treatment is usually conducted in clinical routine and to discuss the main controversies surrounding this treatment in the light of recent national or international guidelines. This will be an opportunity to discuss the indications and contraindications for this treatment, its advantages and limits, and more generally its practical organization by a specialized team.
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Résumé

Depuis près de 80 ans, il est bien démontré que le traitement à l'Iode 131 (irathérapie) est une option thérapeutique efficace et bien tolérée chez les patients atteints de la maladie de Basedow.

Avec les anti-thyroïdiens de synthèse et la thyroïdectomie, l'irathérapie constitue l'un des trois principaux outils thérapeutiques de cette maladie auto-immune. L'objectif de cet article est de faire le point sur l'utilisation de l'Iode 131 en routine clinique et de discuter des principales controverses concernant ce traitement à la lumière des récentes recommandations nationales ou internationales. Ce sera l'occasion de d'examiner les indications et contre-indications de ce traitement, de discuter de ses avantages et inconvénients, et plus généralement, de discuter de son organisation pratique par une équipe spécialisée.

Introduction

Graves' disease (GD) is the most frequent cause of overt hyperthyroidism, generally affecting relatively young women [START_REF] Smith | Graves' Disease[END_REF]. The therapeutic options for GD, i.e. antithyroid drugs, radioactive iodine (RAI) and total thyroidectomy, have been used for several decades. As all these options are efficient and most often well-tolerated, with no clear superiority of one over the other [START_REF] Torring | Graves' hyperthyroidism: treatment with antithyroid drugs, surgery, or radioiodine--a prospective, randomized study. Thyroid Study Group[END_REF],

treatment strategies are not uniform and vary across countries and thyroid specialists. In this article, we will focus on the use of RAI therapy. Firstly, we will discuss how patients with GD can be managed in clinical practice using RAI therapy. After this "us et coutumes" chapter, we will briefly tackle the main controversies which continue to agitate the world of nuclear medicine and thyroidology regarding the use of RAI in patients with GD. Lastly, the main recommendations of recent national or international guidelines will be presented.

Us et coutumes

The first recommendation of the French Guidelines on GD management specifies that the "choice of treatment for GD should be made in discussion with the patient, after explanation of the respective advantages and drawbacks of the three classical options. Specialist opinion is needed to choose the appropriate treatment and determine the monitoring program" [START_REF] Corvilain | Treatment of adult Graves' disease[END_REF]. The main advantage of RAI treatment is to definitely cure hyperthyroidism, generally after a one-day treatment, with uncommon and modest side-effects. The drawbacks are the common occurrence of hypothyroidism, possible exacerbation of Graves' orbitopathy (GO), risk of failure needing a second, even a third RAI treatment, and the radiation-related risks. The constraint is to deliver RAI treatment in a nuclear medicine department approved for therapy, respecting contraindications before treatment and enforcing radiation protection rules after treatment.

Although controversy on the role of RAI in first-line persists, RAI treatment in France is generally considered in the event of relapse after a 12-18 months well-conducted course of ATD, ATD side-effects such as leukopenia or allergy, or poor adherence to ATD therapy.

Schematically, when hyperthyroidsim relapses after ATD treatment, iratherapy is favored in patients with low thyroid volume, without suspicious nodules or active/severe GO, while total thyroidectomy is preferred in those with large goiter and/or suspicious nodules or significant GO.

Once RAI therapy is considered, a visit should be planned associated with a thyroid scintigraphy (Tc99m or I123) in order to rule out contraindications, to explain the objectives and process of treatment, and to determine the optimal conditions of RAI treatment.

The absolute contraindications are pregnancy and breast-feeding. Women of child-bearing age should be informed of the need of effective contraception at the time of RAI treatment and for 6 months after. They will also be informed that a pregnancy test will be systematically carried out in the 3 days preceding RAI treatment [START_REF] Stokkel | EANM procedure guidelines for therapy of benign thyroid disease[END_REF]. Breast-feeding should be stopped at least 4 to 6 weeks before treatment [START_REF] Leide-Svegborn | Excretion of radionuclides in human breast milk after nuclear medicine examinations. Biokinetic and dosimetric data and recommendations on breastfeeding interruption[END_REF]. RAI treatment can be also contraindicated in a patient totally urinary incontinent. If there is only moderate urinary leakage, the patient will be informed to stock soiled diapers for 2-3 months at home before putting them in the normal waste stream to avoid contaminating the recycling centers. It is also essential to ask patients if radiological examinations with iodinated contrast agents have recently been performed, as this would require delaying RAI treatment by a few weeks. Considering RAI treatment in a patient with GD should also take into account the presence of active GO and to ask the patient if he (she) smokes. There is indeed clear evidence that RAI treatment increases the risk of preexisting GO, especially in smokers [START_REF] Ma | Radioiodine therapy versus antithyroid medications for Graves' disease[END_REF][START_REF] Stiebel-Kalish | Treatment modalities for Graves' ophthalmopathy: systematic review and metaanalysis[END_REF][START_REF] Bartalena | Relation between therapy for hyperthyroidism and the course of Graves' ophthalmopathy[END_REF][START_REF] Tallstedt | Occurrence of ophthalmopathy after treatment for Graves' hyperthyroidism. The Thyroid Study Group[END_REF]. The risk of developing GO in patients without eye disese before treatment is also possible, particularly in smokers [START_REF] Traisk | Thyroid-associated ophthalmopathy after treatment for Graves' hyperthyroidism with antithyroid drugs or iodine-131[END_REF]. Iatrogenic hypothyroidism is another important risk factor for worsening GO after RAI treatment, especially when it is not quickly replaced [START_REF] Stan | Risk factors for development or deterioration of Graves' ophthalmopathy[END_REF]. Therefore, it is best to reserve RAI treatment for patients without or with mild GO, and to emphasize the need to quit smoking, carry out close biological monitoring to avoid hypothyroidism and if necessary, to have the opinion of an ophthalmologist [START_REF] Bartalena | Consensus statement of the European group on Graves' orbitopathy (EUGOGO) on management of Graves' orbitopathy[END_REF]. Also, corticosteroid treatment is highly recommended in case of mild GO to prevent aggravation [START_REF] Bartalena | Relation between therapy for hyperthyroidism and the course of Graves' ophthalmopathy[END_REF] and may be considered in presence of risk factors (elevated TSH-R antibidies, smoking) without GO [START_REF] Watanabe | Radioiodine-Associated Exacerbation of Graves' Orbitopathy in the Japanese Population: Randomized Prospective Study[END_REF]. At least two corticosteroid regimens, 0.4-0.5 mg/kg/day prednisolone for 3 months or 0.2-0.3 mg/kg/day for 6 weeks, have been shown to be effective in mild/moderate pre-existing GO [START_REF] Shiber | Glucocorticoid regimens for prevention of Graves' ophthalmopathy progression following radioiodine treatment: systematic review and meta-analysis[END_REF]. There is conflicting data regarding the usefulness of early thyroxine treatment after RAI to prevent hypothyroidism and GO worsening [START_REF] Perros | A prospective study of the effects of radioiodine therapy for hyperthyroidism in patients with minimally active graves' ophthalmopathy[END_REF][START_REF] Taieb | Quality of life, clinical outcomes and safety of early prophylactic levothyroxine administration in patients with Graves' hyperthyroidism undergoing radioiodine therapy: a randomized controlled study[END_REF].

Before treatment, it is also important to explain to patients how the production of thyroid hormones can be affected by RAI treatment in the following weeks, months or years, and to plan short and long-term follow-up with them and practioners.

Patients should be informed of the significant risk of permanent hypothyroidism leading to hormone replacement therapy. However, the time to onset of hypothyroidism is variable. It may be very early in the 3-6 weeks after treatment, with the risk of symptoms and GO exacerbation as previously discussed. As the hypothalamus-pituitary axis takes several weeks or months to recover, short-term biological monitoring, for example at 6 weeks and 3 months, must include FT4 +/-FT3 measurements in addition to TSH. More often, hypothyroidism is detected at 3 months. If the patient is euthyroid at this time, monitoring of TSH remains necessary in the following months or years as delayed hypothyroidism is possible. In rare cases, early hypothyroidism is transient with secondary return to euthyroidism, and sometimes, recurrence of hyperthyroidism [START_REF] Uy | Pattern of recovery of the hypothalamic-pituitarythyroid axis following radioactive iodine therapy in patients with Graves' disease[END_REF].

In contrast, persistence of hyperthyroidism can be observed after the first RAI treatment. This may be a real treatment failure, but in some patients it may reflect delayed treatment effectiveness. In practice, a clinical and biological evaluation is often carried out at 3 months. If hyperthyroidism is clearly documented at this time without improvement compared to baseline, a second RAI course is indicated. If hyperthyroidism persists but with less intensity, the patient can be closely monitored over the next 3 months and a second RAI treatment will be discussed at the end of this period.

Consultation prior to RAI treatment is also an opportunity to inform the patient, orally and in written form, on the radioprection rules to respect the days after treatment. These rules aim both requires administering an RAI activity of less than 740 Mbq (20 mCi) on an outpatient basis. If higher activity is planned, hospitalization in a radioprotected room will be required.

Controversial issues on RAI therapy in patients with GD

Although RAI has been used since 1941, there is still debate about when and how to use it in patients with GD. These controversies are at least partly linked to the lack of high quality data, in particular prospective randomized controlled trials in large patient samples.

Should ATD be used before RAI treatment?

Since ATD impair RAI efficacy by reducing iodine uptake [START_REF] Bonnema | Radioiodine therapy in benign thyroid diseases: effects, side effects, and factors affecting therapeutic outcome[END_REF] and free radical production [START_REF] Wilson | The effect of carbimazole therapy on interleukin 2, interleukin 2 receptors and free radicals[END_REF],

it is theoretically best to administer RAI in patients who are naive to ATD or who have stopped ATD for a sufficient time. In a large and well-conducted meta-analysis, it was confirmed that pretreatment with ATD, with no differences between thiouracil and imidazole derivatives, increased the rates of treatment failure when administered within 7 days before or after RAI treatment [START_REF] Walter | Effects of antithyroid drugs on radioiodine treatment: systematic review and meta-analysis of randomised controlled trials[END_REF].

In routine practice, many clinicians prescribe ATD for a certain period of time to patients who will have RAI treatment with the aim of improving comfort and preventing a possible exacerbation of thyrotoxicosis after RAI treatment which is, if present, transient and modest [START_REF] Burch | The effect of antithyroid drug pretreatment on acute changes in thyroid hormone levels after (131)I ablation for Graves' disease[END_REF].

Although UK guidelines recommend pretreatment with ATD, others recommend that pretreatment be considered in symptomatic and/or fragile patients but stopped for at least 2 to 7 days before RAI treatment (Table 1). It should be noted that there is no robust data regarding the optimal duration of interruption of ATD treatment before RAI therapy. The option of increasing the RAI activity to be administered when stopping ATD treatment is deemed possible, even if this raises other concerns regarding radiation protection or potential side-effects. Although not widely used, lithium has also been shown to improve treatment efficacy allowing administration of lower activity [START_REF] Bogazzi | Impact of lithium on efficacy of radioactive iodine therapy for Graves' disease: a cohort study on cure rate, time to cure, and frequency of increased serum thyroxine after antithyroid drug withdrawal[END_REF]. Beta-adrenergic blockers, such as propanolol (20-40 mg every 8h), are useful to control adrenergic symptoms (palpitations, tremor) and do not affect RAI uptake and efficacy. Unless contraindicated, they should be prescribed several weeks before and after RAI treament, until it restores euthyroidism.

"

Ablative" or "dose-adjusted" strategy, and "fixed" or "calculated" dose RAI:

which are the best?

There are at least two entangled concepts which preside over the choice of the RAI activity to be adminerested. One is related to the goal of treatment which can be to restore euthyroidism and to minimize the risk of hypothyroidism (often named "dose-adjusted" strategy), or to cure hyperthyroidism even at the cost of hypothyroidism ("ablative" strategy). The other one is related to the method of determining RAI activity, either calculated or fixed, the former being mostly associated with the "dose-adjusted" strategy, and the latter with the "ablative" strategy.

Theoretically, an individualized approach to deliver the lowest effective dose is the best way to proceed, not only for the patient but also for the persons around the patient after treatment and the environment. Calculation of adjusted activity is based on thyroid uptake, usually at two times, with estimation of thyroid volume on ultrasound. A technical chapter is devoted to this dosimetric approach in this review (joined paper, Piron B). Although good long-term data has been reported [START_REF] Chen | Striving for euthyroidism in radioiodine therapy of Graves' disease: a 12-year prospective, randomized, open-label blinded end point study[END_REF], the risk with this option is to fail and have to repeat RAI treatment. The other option is to administer a standardized fixed activity, generally between 185 and 555 MBq. Although easier to implement, there is a significant risk of hypothyroidism and unnecessary radiation exposure both for the patient, family and the public [START_REF] Jönsson | Excess radiation absorbed doses from non-optimised radioiodine treatment of hyperthyroidism[END_REF]. A systematic review of eight studies found no difference in patient outcome between the two approaches, although studies were methodologically highly heterogeneous [START_REF] De Rooij | Clinical outcomes after estimated versus calculated activity of radioiodine for the treatment of hyperthyroidism: systematic review and meta-analysis[END_REF]. The ETA and SFE guidelines recommend an "ablative" strategy rather than a "dose-adjustment" strategy using a RAI activity to achieve hypothyroidism (Table 1). For the ETA, a fixed actvity is fully acceptable while the ATA, SFE and UK NICE endorse both fixed and calculated methods.

RAI for primary therapy or for relapse?

Another area of controversy is whether or not RAI treatment should be used for primary therapy.

All guidelines insist that treatment decisions should be reached with the patient, after explanation of the respective advantages and drawbacks of the three classical options, namely ATD, RAI therapy or thyroidectomy. This applies to primary therapy or relapse, and a decision shared by the patient and a multidiscipilanry team would be best. This decision should also take into account a number of parameters including age, sex, the presence of large goiter, suspicious nodules, GO, smoking, presence of young children and desire for pregnancy, life and professional conditions and urinary continence. In France and more generally in Europe, the most common option for primary therapy is a 12-18 months course of ATD, with RAI treatment being considered in case of relapse. In the US, although the trend has changed in recent years, RAI treatment has long been the most-used first-line treatment. Recently, our British colleagues have recommended RAI for primary therapy. This recommandation mainly relies on recently reported data on cardiovascular morbidity and mortality in hyperthyroid patients treated with RAI compared to other modalities [START_REF] Okosieme | Primary therapy of Graves' disease and cardiovascular morbidity and mortality: a linked-record cohort study[END_REF][START_REF] Boelaert | Comparison of mortality in hyperthyroidism during periods of treatment with thionamides and after radioiodine[END_REF]. The British study, conducted in 4189 GD patients treated with RAI or ATD, interestingly showed that successful RAI treatment was associated with reduced mortality compared to ATD alone, and that the positive impact of RAI treatment on major cardiovascular events was significantly better when hypothyroidism was present at one year [START_REF] Okosieme | Primary therapy of Graves' disease and cardiovascular morbidity and mortality: a linked-record cohort study[END_REF]. This confirms a previous study where patients treated with RAI showed reduced mortality when they became hypothyroid [START_REF] Boelaert | Comparison of mortality in hyperthyroidism during periods of treatment with thionamides and after radioiodine[END_REF]. In contrast, other recent studies have shown increased all-cause and cardiovascular mortality in patients treated with RAI compared to thyroidectomy [START_REF] Ryodi | Cardiovascular Morbidity and Mortality After Treatment of Hyperthyroidism with Either Radioactive Iodine or Thyroidectomy[END_REF][START_REF] Giesecke | All-cause and cardiovascular mortality risk after surgery versus radioiodine treatment for hyperthyroidism[END_REF]. More generally, cardiovascular events are well correlated to the development of hypothyroidism, highlighting the benefit to rapidly control hyperthyroidism whichever first-line treatment is chosen. The fact that RAI has been shown to be more cost-effective than ATD and total thyroidectomy for the primary treatment of GD in a recent study has also been seen as an argument to promote RAI in first-line [START_REF] Donovan | Cost-utility analysis comparing radioactive iodine, anti-thyroid drugs and total thyroidectomy for primary treatment of Graves' disease[END_REF].

RAI therapy and the risk of second cancer?

Until recently, and despite conflicting data, concerns about risk of second cancer after RAI treatment were limited to patients with differentiated thyroid cancer in whom relatively high RAI activities can be administered. Recently, the paper by Kitahara et al. [START_REF] Kitahara | Association of Radioactive Iodine Treatment With Cancer Mortality in Patients With Hyperthyroidism[END_REF] caused considerable reaction, suggesting that RAI treatment may be associated with excess mortality from solid cancer in hyperthyroid patients, whereas previous reports did not find any evidence for an increased incidence of non-thyroid cancers [START_REF] Ryodi | Cancer Incidence and Mortality in Patients Treated Either With RAI or Thyroidectomy for Hyperthyroidism[END_REF][START_REF] Franklyn | Cancer incidence and mortality after radioiodine treatment for hyperthyroidism: a population-based cohort study[END_REF][START_REF] Doody | Cancer mortality following treatment for adult hyperthyroidism. Cooperative Thyrotoxicosis Therapy Follow-up Study Group[END_REF][START_REF] Hoffman | Cancer incidence following treatment of hyperthyroidism[END_REF][START_REF] Holm | Cancer risk after iodine-131 therapy for hyperthyroidism[END_REF]. This controversial issue will be thoroughly discussed in another article of this review (Elif Hindie), pointing out the limitations of that study [START_REF] Hindie | Association of Radioactive Iodine Treatment of Hyperthyroidism With Cancer Mortality: An Unjustified Warning?[END_REF] and providing an objective view of the risk of cancer in hyperthyroid patients treated with RAI.

Guidelines

In the last few years, national and international guidelines for the management of patients with GD have been published including the French consensus [START_REF] Corvilain | Treatment of adult Graves' disease[END_REF], the guidelines from the American Thyroid Association (ATA) [START_REF] Ross | American Thyroid Association Guidelines for Diagnosis and Management of Hyperthyroidism and Other Causes of Thyrotoxicosis[END_REF] and the European Thyroid Association [START_REF] Kahaly | European Thyroid Association Guideline for the Management of Graves' Hyperthyroidism[END_REF] and more recently, the recommendations from the UK NICE [START_REF] Nice | Thyroid Disease Guidelines[END_REF]. Although these general recommendations on GD discuss the use of all available treatment options in this autoimmune disease, a full and specific focus on RAI treatment is provided in French guidelines [START_REF] Corvilain | Treatment of adult Graves' disease[END_REF]. For most of the topics, these guidelines give converging recommendations. Recommendations may differ on some points, especially for controversial issues already discussed. Table 1 aims to summarize the key points of these recommendations.

Conclusion

For almost 80 years RAI therapy has proven to be an efficient and well-tolerated therapeutic option in patients with GD. The indications for RAI therapy, and the conditions under which treatment should be performed, should be discussed by a specialized team. The expected short and long-term consequences of this treatment must be clearly explained to patients before treatment, and special attention regarding radiation protection is required. In the future, welldesigned studies could help resolve some long-standing controversies and allow RAI therapy to continue to play a key role in the treatment of patients with GD. 

Pre-treatment with ATD before RAI

Reco 17b: Medical preparation by ATD is helpful when not contraindicated or poorly tolerated, especially in fragile patients (elderly, highly symptomatic, with thyroid hormone elevation or cardiovascular history). When prescribed, ATD should be interrupted during 3-7 days around RAI treatment, although there is no consensus on optimal interruption duration.

Reco 19: If ATD are used before RAI therapy they should be paused around 1 week before and after therapy in order not to decrease the efficacy of RAI therapy. 

"Ablative" or "doseadjustment" strategy

Reco 18a: In GD, an "ablative" strategy is more appropriate than a "dose-adjustment" strategy. The administered RAI dose should be such as to achieve hypothyroidism. Reco 20: No dose calculation can secure long-term euthyroidism and it is fully acceptable to offer a fixed dose of RAI. Reco 8: Sufficient activity of RAI should be administered in a single application, typically a mean dose of 10-15 mCi (370-555 MBq), to render the patient with GD hypothyroid.

Not addressed

Fixed or calculated RAI activity

Reco 18b: There is no preferable method for determining RAI dose: fixed or adjusted dose methods may both be used. However, fixed or semi-fixed dose methods have the advantage of simplicity Reco 20: No dose calculation can secure long-term euthyroidism and it is fully acceptable to offer a fixed dose of RAI.

Fixed or calculated RAI activity are possible.

No specific recommendation

The evidence did not identify a clinically important difference between a calculated or fixed strategy in terms of RAI dosing. No specific recommendation RAI: Radioiodine; GD:Graves' disease ;ATD : Antithyroid drugs ; MMI :Methimazole

  to minimize the exposure to ionizing radiation of individuals in the family, at work, or in public transport, especially young children and pregnant women, and the risk of radioactive contamination by urine during the 3 to 4 days following the administration of RAI. The recommendations relating to radioprotection and, if necessary, the prescription of sick leave, must be personalized taking into account the patient's lifestyle, profession or the presence of children at home or at work. In 2006, the French Society of Nuclear Medicine (SFMN) proposed restricted contact duration according to RAI activity : http://www.sfmn.org/index.php/accueil/70societe/guides-des-procedures/traitements/213-le-traitement-des-hyperthyroidies-par-l-iode-131?showall=1&limitstart=. The Decree 2003-2070 of March 24, 2003, limits the irradiation of the public exposed to ionizing radiation for medical reasons to 1 mSv. This ceiling of 1 mSv

Reco 5 :

 5 In addition to b-adrenergic blockade, pretreatment with MMI prior to RAI therapy for GD should be considered in patients who are at increased risk for complications due to worsening of hyperthyroidism. MMI should be discontinued 2-3 days prior to RAI. Pre-treatment recommended until specialist's decision, particularly in older adults who are symptomatic or severely thyrotoxic. No specific recommendation about ATD interruption before RAI treatment

Table 1 SFE

 1 

		(3)	ETA (39)	ATA (38)	UK NICE (40)
	RAI for	Reco 1: Choice of treatment for GD should be	Reco 5: Patients with newly	Reco 3: Patients with overt Graves'	1.6.8: Offer RAI as first-line
	primary	made in discussion with the patient, after	diagnosed GD should be treated with	hyperthyroidism should be treated	treatment for adults with GD,
	therapy or for	explanation of the respective advantages and	ATD. RAI therapy or thyroidectomy	with any of the following	unless ATD are likely to achieve
	relapse	drawbacks of the three classical options.	prefer this approach. may be considered in patients who	thyroidectomy. modalities: RAI therapy, ATDs, or	remission or it is unsuitable.
		Reco 15: In case of recurrence of			
		hyperthyroidism after termination of ATD	Reco 17: There are no absolute	Reco 23: If a patient with GD	
		treatment, treatment options (second classical	indications for RAI therapy, but	becomes hyperthyroid after	
		ATD course or radical treatment by RAI or	it is often recommended for patients	completing a course of MMI,	
		surgery) should be discussed again with the	with side-effects to or recurrence	consideration should be given to	
		patient in the light of the clinical data.	after a course of ATD.	RAI treatment or thyroidectomy.	
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