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Introduction

Baló's concentric sclerosis (BCS) is a rare inflammatory demyelinating disease of the central nervous system characterized by alternating layers of demyelination identified on MRI or pathological analysis [START_REF] Hardy | Atypical inflammatory demyelinating syndromes of the CNS[END_REF] . While it has been initially regarded as a very severe variant of multiple sclerosis (MS), mainly diagnosed at autopsy of patients with devastating evolution, the increased availability of MRI has modified our perception of BCS [START_REF] Balo | ENCEPHALITIS PERIAXIALIS CONCENTRICA[END_REF][START_REF] Takai | Hypoxia-like tissue injury and glial response contribute to Balo concentric lesion development[END_REF][START_REF] Stadelmann | Tissue preconditioning may explain concentric lesions in Baló's type of multiple sclerosis[END_REF][START_REF] Wang Null | Balo's disease showing benign clinical course and co-existence with multiple sclerosis-like lesions in Chinese[END_REF][START_REF] Dreha-Kulaczewski | Serial proton MR spectroscopy and diffusion tensor imaging in infantile Balo's concentric sclerosis[END_REF] . MRI features of BCS commonly include alternating and concentric lamellae within white matter lesions identified on either T1-, T2-or diffusion-weighted MRI with gadolinium enhancement [START_REF] Wang Null | Balo's disease showing benign clinical course and co-existence with multiple sclerosis-like lesions in Chinese[END_REF][START_REF] Dreha-Kulaczewski | Serial proton MR spectroscopy and diffusion tensor imaging in infantile Balo's concentric sclerosis[END_REF][START_REF] Chen | Serial proton magnetic resonance spectroscopy in lesions of Balò concentric sclerosis[END_REF] . BCS can present as a single isolated large lesion, or as multiple concentric lesions with or without other typical MS lesions [START_REF] Wang Null | Balo's disease showing benign clinical course and co-existence with multiple sclerosis-like lesions in Chinese[END_REF][START_REF] Chen | Eccentric development of Balo's concentric sclerosis: detected by magnetic resonance diffusion-weighted imaging and magnetic resonance spectroscopy[END_REF] .

The relationship between BCS and MS is not completely understood. BCS can arise on its own, or in patients with an otherwise prototypical MS presentation (either at the onset or during the course) [START_REF] Ayrignac | Atypical inflammatory demyelinating lesions and atypical multiple sclerosis[END_REF][START_REF] Hardy | Exploring the overlap between multiple sclerosis, tumefactive demyelination and Baló's concentric sclerosis[END_REF] . Moreover, despite some distinctive findings that may underlie the alternating lamellas (i.e. hypoxia-like induced preconditioning), BCS and MS share many pathologic features [START_REF] Takai | Hypoxia-like tissue injury and glial response contribute to Balo concentric lesion development[END_REF][START_REF] Stadelmann | Tissue preconditioning may explain concentric lesions in Baló's type of multiple sclerosis[END_REF][START_REF] Hardy | Baló's concentric sclerosis[END_REF] . However, it has been recently suggested that patients with BCS harbour cerebrospinal fluid (CSF) profile distinct from MS [START_REF] Jarius | Baló's concentric sclerosis is immunologically distinct from multiple sclerosis: results from retrospective analysis of almost 150 lumbar punctures[END_REF] .

Herein, our objectives are to provide a clinical and radiological description of 6 patients presenting with BCS and to perform a review of literature to systematically compare radiological and CSF findings of BCS with and without subsequent relapses.

Methods

Six BCS patients of European ancestry were retrospectively identified from the MS clinic database of the CRCHUM (Centre de Recherche de l'Université de Montréal). Patients were included if 1) they were ≥18 years old and 2) if MRI disclosed at least one alternating band (2 hyperintense band separated by 1 hypointense band). All patients provided written informed consent. The study was approved by local ethics committee (19.302).

Clinical data were recorded from the patients and their files. At baseline (define as BCS presentation), the following data were recorded: age, gender, past medical history, age at BCS onset, delay from onset to MRI and CSF results. Two authors (XA, LLG) retrospectively reviewed all the MRI. We specifically focused on the identification of additional BCS and MS lesions and on the results of spectroscopy and perfusion MRI (when available). Follow-up focused on the presence of clinical relapse, and outcome was assessed using the extended disability status scale (EDSS) at the end of follow-up. Diagnosis of MS was based on 2017 McDonald criteria [START_REF] Thompson | Diagnosis of multiple sclerosis: 2017 revisions of the McDonald criteria[END_REF] .

We (XA and CCD) additionally performed a systematic Medline review of all BCS cases published in English and French between 1990 and 2018 with the terms "Baló" and "Baló's concentric sclerosis". Additional articles were identified through our personal files and searches among reference lists. The following parameter were assessed: age, gender, followup duration (months), presence of CSF-specific oligoclonal bands (OCB) and MRI findings (single BCS, multiple BCS and BCS with additional MS lesions).

Statistical analysis

Data obtained from our series and from the review were summarized as mean ±SD (Max, Min) for continuous variables and number (%) for categorical variables. Statistical comparisons between groups were performed by Fisher exact test for categorical variables, by non-parametric Wilcoxon rank sum test for continuous variables. P < 0.05 were considered statistically significant. Statistical analyses were performed using R version 3.2.3 (The R Foundation for Statistical Computing).

Results

Patients' characteristics (table 1)

We included 6 patients (5 women) with a mean age at clinical onset of BCS of 25.3 years (18-39). Onset was acute in 4 and subacute in 2. Main symptoms at presentation were hemiparesis and/or unilateral sensory symptoms, in 5 patients. One patient presented with dysarthria, dysphasia and cognitive impairment, along with a left optic neuritis. CSF analysis disclosed specific OCBs in 5 patients and 4 of these patients had elevated IgG index, mean protein level was 0.32 g/L (range 0.22-0.39 g/L; reference value 0.15-0.40 g/L) and mean white blood cell number was 6 per µl (range 1-12; reference value ≤ 5/µl ). Acute treatment consisted of intravenous steroid therapy and plasma exchanges in 5 patients. Patient no2 had no treatment since her symptoms were mild. All patients improved after treatment. During the follow-up, 5 of the 6 patients were treated with immunosuppressive or immunomodulatory therapies. In 3 patients, initiation of treatment was done immediately after the initial episode. In 2 patients, treatment was initiated after a subsequent clinical relapse or if subsequent MRI demonstrated ongoing activity. After a mean follow-up of 90 months, all the patients fulfilled 2017

McDonald criteria for diagnosis of MS, even if patient 1 had no further relapse and/or MRI activity (he was treated with natalizumab after BCS according to the presence of CSF specific OCBs and, in addition to BCS lesions and multiple lesions suggestive of MS).

MRI findings

MRI was performed after a mean delay of 26 days after onset of symptoms (2-68). A single BCS lesion was identified in 2 patients and additional MS-like lesions were seen in 4 of them. A perfusion-weighted MRI and a susceptibility-weighted imaging (SWI) were performed on patient no1, which disclosed reduced relative cerebral blood volume within gadolinium positive bands (figure 2 A-D) and a central SWI hypointensity within the BCS suggestive of a central vein sign; it also disclosed a more diffuse SWI hypointensity within the main BCS lesion (figure 2 E). Four patients had a MR-spectroscopy (figure 2 F, table 2) which revealed an elevated choline/creatine ratio and decreased NAA/creatine ratio; a lactate peak was systematically observed.

Literature review

Sixty-five patients (48 women, 74%) from 30 studies (including our series) were identified through our systematic review (table 3). Mean age at onset of BCS symptoms was 34.5 years old (18-56). BCS lesions were isolated in 16 patients (25%), but they were associated with other BCS lesions in 30 (46%) and/or with typical MS lesions in 31 (48%). OCBs results were reported in 44 patients: CSF specific OCBs were identified in 24 (55%). Mean followup was 36 months (range 3-162) and a relapse was observed in 18 patients (mean follow-up at the time of relapse 26 months, range 4-61). With the exception of follow-up duration that was significantly longer in patients with clinical relapse (62 vs 26 months, p<0.001), there was no clear difference between patients with and without relapses. Indeed, although CSF specific OCBs (71% vs 47%) and the presence of MS lesions (67% vs 40%) were more frequent in patients with relapse, it did not reach statistical significance. Of note, 2 patients experienced a new BCS episode and a 3 rd patient experienced a tumefactive demyelination 60 months after BCS.

Discussion

BCS is a rare acute inflammatory demyelinating syndrome of the central nervous system which has been considered for a long time as a MS variant [START_REF] Hardy | Atypical inflammatory demyelinating syndromes of the CNS[END_REF][START_REF] Wang Null | Balo's disease showing benign clinical course and co-existence with multiple sclerosis-like lesions in Chinese[END_REF][START_REF] Pietroboni | Balò's concentric sclerosis: still to be considered as a variant of multiple sclerosis?[END_REF] . Nevertheless, numerous BCS cases have been described either in isolation (i.e. in the absence of any other disease) or in the context of distinct, mainly inflammatory, neurological disorders [START_REF] Graber | Neuromyelitis optica and concentric rings of Baló in the brainstem[END_REF][START_REF] Chitnis | CADASIL mutation and Balo concentric sclerosis: a link between demyelination and ischemia?[END_REF] . Moreover, a recent retrospective study suggested that, despite some common characteristics, BCS and MS display different CSF profiles raising the possibility that i) BCS is either distinct from MS or ii) is a final pathway of various demyelinating conditions which, for an unknown reason, can arise as an isolated phenomenon or during the evolution (sometimes as a first event) of several distinct diseases [START_REF] Jarius | Baló's concentric sclerosis is immunologically distinct from multiple sclerosis: results from retrospective analysis of almost 150 lumbar punctures[END_REF] . We favour this latter hypothesis since, on the contrary to most of the previously published series, all our patients eventually fulfilled McDonald's criteria and received a diagnosis of MS (5 out of the 6 had further typical MS relapses along with classical MS lesions). This theory is also supported by the description of BCS in a number of demyelinating and non-demyelinating disorders including notably anti aquaporin-4 seropositive and seronegative neuromyelitis optica and CADASIL (Cerebral Autosomal Dominant Arteriopathy with Subcortical Infarcts and Leukoencephalopathy and other systemic diseases [START_REF] Hardy | Baló's concentric sclerosis[END_REF][START_REF] Graber | Neuromyelitis optica and concentric rings of Baló in the brainstem[END_REF][START_REF] Chitnis | CADASIL mutation and Balo concentric sclerosis: a link between demyelination and ischemia?[END_REF][START_REF] Hu | The pathological spectrum of CNS inflammatory demyelinating diseases[END_REF] . Finally, this is also supported by histopathological findings suggesting clear differences between MS and BCS [START_REF] Masaki | Extensive loss of connexins in Baló's disease: evidence for an auto-antibody-independent astrocytopathy via impaired astrocyteoligodendrocyte/myelin interaction[END_REF][START_REF] Kuhlmann | An updated histological classification system for multiple sclerosis lesions[END_REF][START_REF] Behrens | 7 Tesla MRI of Balo's concentric sclerosis versus multiple sclerosis lesions[END_REF] .

Identifying patients with BCS who are at risk of future MS relapse is a major challenge in order to propose disease-modifying therapies. Unfortunately, most of the previously published series (including our) are small and display a marked heterogeneity of biological workup, MRI protocols and follow-up duration, limiting the interpretation of the data. Indeed, despite the fact that our review suggested a higher risk of relapses in patients with additional MS-like lesions and CSF specific OCBs, the main predictor of a final MS diagnosis was the duration of the follow-up suggesting potential biases in shorter series and case reports. In our series, all but one patient had CSF-restricted OCBs. With the exception of one recent series with similar results, this is higher than in most of the previous series of BCS and may also explain the higher rate of MS diagnosis at the end of the follow-up [START_REF] Chen | Eccentric development of Balo's concentric sclerosis: detected by magnetic resonance diffusion-weighted imaging and magnetic resonance spectroscopy[END_REF][START_REF] Jarius | Baló's concentric sclerosis is immunologically distinct from multiple sclerosis: results from retrospective analysis of almost 150 lumbar punctures[END_REF][START_REF] Hu | The pathological spectrum of CNS inflammatory demyelinating diseases[END_REF] .

Classical MRI findings of BCS include the typical alternating lamellae that are usually easily identified on T1-, T2-or diffusion-weighted imaging [START_REF] Hardy | Exploring the overlap between multiple sclerosis, tumefactive demyelination and Baló's concentric sclerosis[END_REF][START_REF] Hardy | Baló's concentric sclerosis[END_REF][START_REF] Wiendl | Diffusion abnormality in Balo's concentric sclerosis: clues for the pathogenesis[END_REF][START_REF] Kavanagh | Diffusion-weighted imaging findings in Balo concentric sclerosis[END_REF][START_REF] Muttikkal | Magnetic Resonance Imaging in Balo's Concentric Sclerosis. A Case Report[END_REF][START_REF] Karaarslan | Baló's concentric sclerosis: clinical and radiologic features of five cases[END_REF] . Nevertheless, in some cases, notably in the absence of clear concentric rims, the identification of specific features in favor of a demyelinating process are of particular importance (table 4) [START_REF] Muttikkal | Magnetic Resonance Imaging in Balo's Concentric Sclerosis. A Case Report[END_REF] . MR-spectroscopy evidenced elevated choline/creatine, decreased NAA/creatine ratio and a lactate peak, a pattern commonly described in atypical demyelinating syndromes including BCS but that is, unfortunately, not specific and notably seen in the context of high-grade gliomas [START_REF] Dreha-Kulaczewski | Serial proton MR spectroscopy and diffusion tensor imaging in infantile Balo's concentric sclerosis[END_REF][START_REF] Chen | Serial proton magnetic resonance spectroscopy in lesions of Balò concentric sclerosis[END_REF][START_REF] Bolcaen | Structural and metabolic features of two different variants of multiple sclerosis: a PET/MRI study[END_REF][START_REF] Kim | Balo's concentric sclerosis: a clinical case study of brain MRI, biopsy, and proton magnetic resonance spectroscopic findings[END_REF][START_REF] Yeo | Advanced neuroimaging in Balo's concentric sclerosis: MRI, MRS, DTI, and ASL perfusion imaging over 1 year[END_REF] .

On the contrary, the striking hypoperfusion seen in patient 1 within gadolinium-enhancing layers is surprising. Although rCBV, assessed on perfusion weighted imaging has been shown to be lower in tumefactive demyelination than in gliomas, a pronounced reduction of CBV similar to that seen in our patient has only rarely been reported [START_REF] Hiremath | Combining Diffusion Tensor Metrics and DSC Perfusion Imaging: Can It Improve the Diagnostic Accuracy in Differentiating Tumefactive Demyelination from High-Grade Glioma?[END_REF][START_REF] Yeo | Advanced neuroimaging in Balo's concentric sclerosis: MRI, MRS, DTI, and ASL perfusion imaging over 1 year[END_REF][START_REF] Ripellino | Basic and advanced imaging of a case of Balò's concentric sclerosis[END_REF] .

Recently, a 7 Tesla MRI study focusing on susceptibility imaging (T2-GRE) disclosed a central vein sign in 7/8 BCS patients along with diffuse heterogeneous hypointensities of unclear origin [START_REF] Hu | The pathological spectrum of CNS inflammatory demyelinating diseases[END_REF][START_REF] Berghoff | 7 Tesla MRI demonstrates vascular pathology in Balo's concentric sclerosis[END_REF] . In our study, although only patient no1 had a SWI imaging performed, it disclosed a similar pattern suggesting that, even on conventional 3 Tesla MRI, central vein can be identified. Finally, an enlargement of the lesion over >2 months in 2 patients has already been described in patients with BCS and with tumefactive demyelination [START_REF] Lindquist | Histopathology and serial, multimodal magnetic resonance imaging in a multiple sclerosis variant[END_REF] . Although it can it is also seen in tumoral lesions, this should not exclude a demyelinating pathophysiology.

Our series has many limitations. They mainly include the small sample size and its retrospective design. Moreover, the absence of a standardized MRI imaging limits our interpretation of MRI data.

In conclusion, our series and review suggest that BCS has a strong relationship with MS.

Whether perfusion-and susceptibility-weighted MRI can be of added value to routinely identify the demyelinating nature of the lesion needs to be confirmed in larger series at 3

Tesla. In spite of several biases, the main predictors of future (MS) relapses seem to be the presence of other MS-like lesions on initial MRI and CSF-restricted OCBs. 

  Gadolinium enhancement was observed in 5 patients. The alternating bands had a clear concentric pattern in 4 but the juxtaposition of lamellas was more heterogeneous in 2 of them (fig 1 A-E). The concentric pattern was more easily seen on diffusion-weighted (fig 1 F, G, J) than on FLAIR sequences (fig 1 A-E). Of note, the main lesion enlarged during ≥2 months in 2 patients in spite of treatments (fig 1 K).
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Figure 1 :

 1 Figure 1: Main MRI results of the 6 BCS patients. Axial FLAIR (A-E), DWI (F, G, J) and

Figure 2 :

 2 Figure 2: MRI findings in patient 1. Axial post-contrast T1-WI (A, C) disclosed concentric

Table 1 : Main characteristics of the patients.
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	Patient,	Symptoms	Onset	CSF:	MRI	Acute	Long term	Follow-	Final status /
	Gender,		to	Cells/Protein		therapy	treatment	up (y)	EDSS
	Age		MRI	OCB/Index					
			(days)						
	1, M, 18	Right	30	4/0.31	2 BCS,	Steroids,	NTZ*	4	MS (no relapse),
		numbness		yes/3.57	2 MS	PE			EDSS 2.5
					lesions				
	2, F, 23	Right	2	12/0.26	1 BCS,	None	None	5	MS (1 relapse),
		numbness		yes/0.58	2 MS				EDSS 0
					lesions				
	3, F, 29	Left	9	1/0.32	1 BCS	Steroids,	GA, DMF	9	MS (1 relapse),
		hemiparesis,		yes/0.7		PE			EDSS 0
		hypoesthesia							
	4, F, 22	ON,	43	3/0.39	3 BCS,	Steroids,	NTZ*, GA,	10	MS (2 relapses),
		cognition		yes/1.55	multiple	PE	FNG		EDSS 1.5
					MS				
					lesions				
	5, F, 39	Left	68	NA/0.22	1 BCS	Steroids,	Novantrone,	10	MS (1 relapse),
		hemiplegia		No/0.45		PE	GA		EDSS 4
	6, F, 21	Left	5	10/0.35	1 BCS,	Steroids,	IFNß*, GA,	7	MS (multiple
		hemiplegia		yes/3.63	2 MS	PE	TRF		relapses),
					lesions				EDSS 3.5
	beta; MRI: magnetic resonance imaging; MS: multiple sclerosis; NTZ: natalizumab; OCB:	
	oligoclonal bands; TRF: teriflunomide. * Treatment introduced immediately after initial	
	episode.								

BCS: Baló's concentric sclerosis; CSF: cerebrospinal fluid; DMF: dimethyl fumarate; EDSS: expanded disability status scale; FNG: fingolimod; GA: glatiramer acetate; IFNß: interferon-

Table 2 : Magnetic Resonance Spectroscopy results in 4 patients.
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	Cho: choline, Cr: Creatine, NAA: N-Acetyl-Aspartate. Values are
	presented as ratio. In parentheses, contralateral values (when available)

Table 3 : Main characteristics of the patients (reported in the literature and in our series) assessing overall relapse's risk according to clinical, radiological and biological data.
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	Imaging	Main findings

Table 4 : Main characteristics of Baló's concentric sclerosis lesions according to our series and literature review.
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