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Abstract

:

Background: Multiple sclerosis (MS) is an autoimmune, inflammatory, demyelinating and degenerative disease of the central nervous system (CNS). To date, there is no definitive imaging biomarker for diagnosing MS. The current diagnostic criteria are mainly based on clinical relapses supported by the presence of white matter lesions (WMLs) on MRI. However, misdiagnosis of MS is still a significant clinical problem. The paramagnetic, iron rims (IRs) around white matter lesions have been proposed to be an imaging biomarker in MS. This study aimed to carry out a systematic mapping review to explore the detection of iron rim lesions (IRLs), on clinical MR scans, and describe the characteristics of IRLs presence in MS versus other MS-mimic disorders. Methods: Publications from 2001 on IRs lesions were reviewed in three databases: PubMed, Web of Science and Embase. From the initial result set 718 publications, a final total of 38 papers were selected. Results: The study revealed an increasing interest in iron/paramagnetic rims lesions studies. IRs were more frequently found in periventricular regions and appear to be absent in MS-mimics. Conclusions IR is proposed as a promising imaging biomarker for MS.
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1. Introduction


Multiple sclerosis (MS) is an autoimmune, inflammatory, demyelinating and degenerative disease of the central nervous system (CNS) [1]. It is associated with focal inflammatory demyelinating lesions in both white and grey matter [2].



Magnetic resonance imaging (MRI) has an important role in determining the diagnosis of MS. MS diagnostic criteria using MRI are dependent on the number of spread WM lesions throughout the CNS, in both time and space [3,4]. MRI is proved to be sensitive in detecting the focal WM lesions; however, it lacks the specificity as neuroinflammation, and cerebrovascular abnormalities may mimic MS WM lesions [5,6].



To date, there is no established and uniformly used imaging biomarker for diagnosing MS, and the diagnostic criteria are based mainly on clinical relapses and the presence of lesions on MRI and oligoclonal bands in the cerebrospinal fluid. However, misdiagnosis with MS-mimicking disorders are not uncommon [7]. The presence of central vein in white matter lesions and paramagnetic iron rims (IRs) have been proposed as MRI biomarkers that can discriminate MS from non-MS disorders. These new MRI signs could potentially provide a more accurate diagnosis of MS [8,9]. This review summarizes the literature surrounding IRs in MS.



Iron rims appear as dark, ringlike features on the edges of some MS lesions have gained recent research attention [10]. Lesions with IRs are believed to be chronic active lesions, also known as smoldering or slowly expanding lesions (SELs), which fail to remyelinate and have subsequently been proposed to be a marker of tissue destruction, continuing inflammation and failure to repair [11,12,13]. Indeed, evidence from pathology and 7 Tesla (T) MRI has shown that rimmed MS lesions were found to be significantly larger and underwent expansion by almost 30%, unlike nonrimmed lesions which their size shrinks by 10% [14]. Contrarily, the nonrimmed lesions may disappear or return to a similar contrast of the normal-appearing white matter (NAWM) over time, which may affect their clinical usefulness [9,15].



Several studies found that IRs are commonly seen in Relapsing Remitting MS (RRMS) [16] while others found it in progressive MS. Also, some publications found IRs were more common in elderly patients with higher expanded disability status scale (EDSS score ≥5) [14,17,18], contrary to Dal-Bianco et al. who found them more common in young MS patients. Importantly, several studies reported the absence of IRs in MS mimics, such as neuromyelitis optica spectrum disorders (NMOSD) [19] Susac’s syndrome [20] and ischemic lesions [21]. This suggests that IRs might be specific features of MS lesions, which are proposed to be used not only as a diagnostic biomarker of disease progression but also diagnostically. However, initial findings from MRI studies need further validation before they can be incorporated into clinical practice. Iron rim lesions (IRLs) were significantly more often located in the periventricular regions, whereas no-IRLs were more in the juxtacorticle and Deep Gray Matter (DGM) areas.



The present study aimed to explore the detection of IRLs, on variable MR scans, and describe the characteristics of IRLs presence in MS versus MS-mimics with highlighting the main findings. This study followed a systematic mapping review approach, to provide researchers and clinicians with a global picture of using IRs as an imaging biomarker in MS.




2. Materials and Methods


2.1. Search Strategy and Eligibility Criteria


This systematic mapping review was conducted on the detection of IRLs on MRI scans in MS for several reasons. The first is to overview the existing evidence on using IRLs as a proposed imaging biomarker in MS. The second is to describe the characteristics of IRLs found in MS versus MS-mimics. The third is to identify specific research topics in using IRLs as an MRI biomarker in MS for future systematic reviews and meta-analysis.



A systematic search was performed in January 2020 using the databases: PubMed, EMBASE and Web of Science to identify articles that evaluated the presence of IR in white matter lesions (WMLs) using MRI. The identified search terms were framed in PICO concepts. Patients/Population (P): multiple sclerosis OR MS. Intervention (I): magnetic resonance imaging OR MRI. Comparison (C) was not taken into account as there was not any comparison needed. Outcome (O): diagnosis OR differentiate. However, from this search, no results were generated. Thus, search using broader keywords was used in all the databases, including ((Multiple sclerosis OR MS) AND (rims OR rim) AND (lesion OR lesions)). The search strategy is provided in Supplementary Materials Figure S1. Review of the papers and analysis of results was conducted from January to July 2020.




2.2. Inclusion and Exclusion Criteria


The search was restricted to original articles on in vivo studies of human subjects published in peer-reviewed journals, written in English and featured an available full-text. The databases mentioned above were searched from 2001—the first date of using MRI in MS diagnosis. Grey literature was individually searched, including internet resources, theses, and conferences (Table 1). All duplications were removed using Mendeley.




2.3. Data Extraction


Relevant articles that fulfilled the inclusion and exclusion criteria (Table 1) were assessed by three reviewers (A.A., A.O., G.F.) independently. The complete extraction and assessment were conducted in three phases.



In the first phase, the three reviewers independently screened the titles and abstracts and removed the articles that did not fulfill the predefined inclusion/exclusion criteria.



In the second phase, all selected papers were reviewed by A.A. to select eligible studies for inclusion, as well as to perform a qualitative assessment. Papers were read and to determine if they contained data useful to the aim of this review. Disagreements between reviewers were resolved via discussion. The following details about each study were extracted by one reviewer (A.A.): study (author, date), type of the study, sample size, demographics, the aim of the paper, type of magnet strength, data analysis method, full MRI protocol procedure and main results and limitations.



In the third phase, a general quantitative overview of study characteristics was reported using descriptive statistics, median/mean and interquartile range (IQR) values. However, because of the heterogeneity of aims, the dataset used, techniques applied, and evaluation metrics specified in the selected publications, the results were stratified by pursued clinical aim/key findings.





3. Results


3.1. Literature Search and Study Characteristics


The literature search is illustrated in a flowchart (Figure 1). From the initial search and after removing duplicate studies, 628 articles were identified. Out of these, 527 articles were excluded as they did not meet the inclusion criteria. An additional 101 studies were excluded after reading the full text. Finally, a total of 38 studies were included in this systematic mapping review.



Of all the literature that was reviewed, seven studies (18%) were conference presentations/or posters. Six studies (15%) had a retrospective design, while the remaining 32 studies (84%) had a prospective design. Eleven studies were longitudinal with both retro/prospective design; 15 years’ follow up was the most prolonged study duration.



All studies were published between February 2001 and January 2020. Figure 2 shows an increase in the number of published original studies on the topic of IRLs based on Scopus. 7T was used alone in 15 studies (39%), while 3T was used in 13 studies (34%) whereas four studies (11%) used both 3T and 7T. Two studies used 1.5T, one used 4.7T, while some studies did not provide this information.



Of the different MRI sequences used for white matter lesions, especially when detecting IRLs, Susceptibility weighted imaging (SWI) and T2*-Fluid-Attenuated Inversion Recovery (FLAIR) (combined) were used most often. In particular, SWI was combined with T2* and FLAIR in 52% of the studies. Additionally, SWI was combined with other sequences, such as T1-, T2-, and proton density-weighted images.



The aims and key findings of reported studies were subgrouped into (1) IRLs presence in MS subtypes, (2) the spatial distribution of white matter lesions with IR, (3) gender differences in the presence of IRLs, (4) the clinical relevance of IRLs (i.e., rim lesions linked with a disability and psychological impairment), (5) the prevalence of IRLs presence based on lesions and patients count (6), the evolution of IRLs over time, and (7) the pathological nature of IRLs. Due to the nature of this report, the results will be highlighted and discussed briefly.



3.1.1. IRs in Patients with MS and MS Subtypes


Sixteen papers reported the presence of IRLs in MS subtypes [14,16,19,22,23,24,25,26,27,28,29,30,31,32,33,34]. Most of the publications examined patients with RRMS [22,24,29,31,32,35,36,37]. Three papers looked at RRMS and Secondary Progressive MS (SPMS) [29,31,35], while other studies compared MS with controls [14,16,22,27,31,32,35,36] or MS-mimics diseases [38,39]. The highest rate of IRL presence was found in RRMS (36%) followed by SPMS (27%) while the benign MS and clinically isolated syndrome (CIS) had the lowest percentage of (5%). One study each was found reporting on benign MS [32] and radiologically isolated syndrome (RIS) [34] while RRMS was most frequently reported in eight studies [22,23,24,26,29,31,32,36] followed by SPMS in six studies [16,23,28,29,30,31]. Interestingly, IRLs were absent in NMOSD [19], Susac’s syndrome [20] and ischemic lesions [21].



Llufriu et al. (2010) scanned 257 patients with the four MS subtypes; the IRLs detected were 7% in CIS, 11% in RRMS and 13% in SPMS with no rims detected in PPMS patients [30]. Similar work by Clarke et al. (2019) detected IRLs in 48% CIS, 59% RRMS and 39% SPMS [35]. In contrast, Chawla et al. (2016), scanning only nine patients (4 RRMS, 5 progressive) at 7T, and found that 5 out of 9 had IRLs, and 4 of these were progressive [19].



Although IRs are not commonly found in MS mimics [18,19,20], other brain disorders might have IR and IR have been reported to be present in brain abscess [38]. Clinically and radiologically they are not frequently encountered in the differential diagnosis of MS, but worth noting.




3.1.2. IRLs and Lesion Localization


Only four studies reported the anatomical location of the IRLs [22,32,35,40], indicating that periventricular was the common site and cortical area was the least for the rims to be present [22,32,35]. The IRLs were equally reported in both juxtacortical and DGM locations [40] (Figure 3). Dal-Bianco et al. (2019) showed that PRs were commonly seen in periventricular, while non-iron rims lesions were seen in DGM and juxtacortical locations [32].




3.1.3. IRLs and Gender-specific Differences


Only seven papers reported the gender-specification related to IRLs presence. IRLs were reported to be more common in males and 70% more likely in young males [22,27,28,30,32,35,41]. Clarke et al. (2019) provided more details relating to gender-specific differences; suggesting male gender as the most important predictor of the proportion of IRLs in CIS and MS patients [35]. Males are 40% more likely to have IRs compared to females. Age seems to play a role with IR decreasing by 3% per year as age is increasing [35].




3.1.4. Clinical Relevance of IRLs


IRLs presence was related to poor cognitive performance and disability in 9 of 10 papers [14,17,27,29,32,34,40,41,42,43]. However, Kilsdonk et al. (2014) reported the lack of relationship between IRLs and physical disability [28]. This drawn conclusion was derived from scanning 33 patients with MS, 8 with rims, then were compared to 7 healthy controls at 7T (Figure 4). In contrast, Dal-Bianco et al. (2019) analysed 33 MS patients, 24 had IRLs, and the presence of IRLs was associated with higher FLAIR lesion load, which was related to poorer cognitive performance on the symbol digit modalities test [32]. No significant difference in disease progression was found between the two groups (IRLs and non-IRLs), four patients switched disease course during the study (3 RRMS into SPMS, 1 benign MS into RRMS), while three of these patients had IRLs.




3.1.5. IRLs Prevalence


As a Proportion of Total White Matter Lesions’ Count


Figure 5 shows the proportion of lesions with IRs reported between studies. The total lesion counts across studies ranged from 44 to 3211 lesions. Four studies showed similar prevalence of IRLs presence, approximately ~10% [17,28,34,44]. However, Absinta et al. (2013) using 7T scanner found IRLs in acute gadolinium-enhancing lesions and found their presence in 75% (33/44 lesions), but in 2018 the same group reported in their 3T and 7T longitudinal study the presence of IR in chronic lesions was 50% (27/54 lesions) [45,46]. Both Danial and Blindenbacher shared a similar prevalence of 5% (16/306; 28/611 respectively) in acute lesions [17,34]. The MRI techniques used to detect rims in these studies were different, namely, Quantitative Susceptibility Mapping, (QSM), SWI, R2*, FLAIR with the mixed-use of both 3T and 7T MRI scanners.




As a Proportion of Patients Studied


Ten papers reported the proportion of patients with at least one IRL, the mean of the total number of MS patients was 97.3 (range 9–257) [29,31,35,38,47,48,49]. Eighty percent of the studies stated that rims could be detected in 50% to 70% of MS patients examined. Jiwon Oh et al. (2019) reported the highest percentage of IRLs presence which was 72% (8/11 MS patients) [50] while only 10%with IRs reported by Llufriu et al. (2010) scanning (24/233 MS patients) [30]. Similarly, Chawla et al. scanned nine patients (4 RRMS, 5 Progressive) at 7T, and 55.5% of patients had rims [19] (Figure 6). To sum up, histopathology and MRI study showed that 8–70% of MS lesions are surrounded by IRLs, which could be seen in both 3T and 7T [14,18].





3.1.6. Rim Evolution Overtime


Eleven papers reported whether the IRLs expand or shrink without accurately specifying the time frame [14,32,34,37,42,47,51,52,53,54,55]. However, six papers reported a different duration for expansion and shrinkage [12,14,18,32,42,52] (Figure 7). Longitudinal studies with a mean follow up of 3.5 years, observed slow expansion of IRLs that persist over time [14,47,52], then gradually the hypointense rim disappearing, returning to contrast NAWM after seven years [12,37]. IRLs are frequently detected in young lesions and early disease [24,56].



Some studies showed that rimmed lesions were larger and expanded by almost 29.33%. In comparison, lesions without rims were smaller in size by 10% [14]. IRLs significantly enlarge over time [14]. However, for non-rims, it has been reported that lesions disappear in a period of 2.5 to 4.7 years. In short, lesions with IRLs tend to grow slowly and without rim shrink over time.



An ECTRIMS presentation by Dal-Bianco et al. (2019) provided more insight into rim evolution [32]. They found that IRLs appear newly, enlarge slowly, then stabilize and gradually lose the iron rim. IRLs had a substantial larger initial volume and the rim became thinner after 3.5 years before partially disappear. The IRLs volume showed a gradual increase in size and fused with neighboring rim lesions within 3.5 years.




3.1.7. Nature of Rims—Pathology


Rims likely reflect iron accumulation within a subset of macrophages/activated microglia at the lesion edge [42,52]. Lesions with IRLs are believed to be chronic active lesions, also known as smoldering or slowly expanding lesions (SELs), which fail to remyelinate and have subsequently been proposed to be a marker of tissue destruction, continuing inflammation and failure to repair [11,57].



Chronic active lesions are identified by gliotic, hypocellular centers and rims of activated microglia cells, macrophages and iron. However, these rims cannot be found in remyelinated or shadow plaques [58].



Pathological studies investigating the chronic MS lesions reported that up to 57% of these lesions are active or mixed [22,27,59]. The characterization of these lesions is attributed to the slow rate of increase in size and continuous tissue loss, which are commonly noticed in patients with long disease duration and progressive MS [14,22,27,59]. Chronic active lesions are commonly detected in patients with disease duration of 10 years or more and peak at 20 years [22].



Colm et al. [60] found that when comparing RRMS with PPMS patients, RRMS had higher numbers of SELs.






4. Discussion


This is the first systematic mapping review carried out on the presence of IRs in MS patients when using MRI. This review aimed to explore the detection of IRLs, on variable, clinical-quality MR scans, and describe the characteristics of IRLs presence in MS versus MS-mimics with highlighting the main findings. We primarily focused on study aims for which IRLs have been reported. Three different databases were searched, and after the screening, 38 studies were included in this review. Characteristics of the studies and IRLs were described.



In the past decade, several studies have focused on IRLs in MS and non-MS. Researchers around the world are working to exploit MRI data to improve MS diagnosis and treatment. Thus, an increase in the number of published IRLs studies was observed, reflecting the scientific community’s growing interest in the clinical value of IRLs presence in MRI.



Although T2*/FLAIR and phase imaging, including SWI, hold promise for identifying IRLs, yet there is no ideal technique to use in vivo. SWI is sensitive to iron detection which accumulates in normal-appearing brain tissue, in lesions, and the veins’ walls in MS patients [61,62,63]. IR is best appreciated on phase (rather than T2*) images [12]. However, for large lesion and vessel detection, Sati et al. suggested using T2* and FLAIR combined [64]. Many sequences can detect iron but one of the challenges when comparing IRLs studies in MS is the different MRI sequences used. Only by utilizing different sequences to the same individual can the value of each sequence be demonstrated. This has rarely been done in the reported studies. Based on the included studies, 7T was found to be a useful tool for tracking the evolution of MS lesions, especially concerning changes in iron content but 3T would be more practical to use in clinical settings [47]. This explains the higher number of 7T studies compared to 1.5T when exploring IRs.



The key findings from this review are that IRLs, which appear as dark, ring-like features on edges of some MS lesions, are believed to be chronic active lesions/slowly expanding lesions (SELs). These lesions fail to remyelinate and have subsequently been proposed to be a marker of tissue destruction, continuing inflammation and failure to repair [11,12]. Indeed, evidence from pathology and 7T MRI has shown that rimmed MS lesions were found to be significantly larger and underwent expansion by almost 30%, unlike non-rimmed lesions which reduced their size by 10% [14]. IRs were more frequently found in periventricular regions of young males with RRMS and linked with higher disability (EDSS score ≥5) [14,16] but appear absent in NMOSD [19], Susac´s syndrome [20] and ischemic lesions [21]. Thus, it seems that IRs have the potential to be a successful imaging marker for MS. More details about these results will be discussed in the next section.



4.1. The Presence and Spatial Distribution of IRLs


IRLs seem to be more common in RRMS; this might be due to the fact that RRMS patients were used more in studies compared to other MS subtypes. Besides, not all the studies included all MS subtypes in their studies. In contrast, two studies tested on four types of MS and both found IRLs were more common in SPMS than RRMS; however, the sample size was too small (9 patients) [65]. IRLs elevated in R2* were seen in both RRMS patients with low disability and those with long-standing SPMS [29]. A study found that 61% of RIS patients had at least one rim [40]



It is hard to conclude from these studies as the heterogeneity of the sample size/MS types, as well as MRI scanners between studies, was high. However, the study by Schwart et al. compared IRLs presence in different diseases (glioma, metastases, abscess, MS) and found IRLs were more in abscess than MS; this could be from the higher number of abscess patients compared to MS (18,11 patients respectively) [38]. Interestingly, in terms of neuroinflammatory conditions, it seems IRLs are MS-specific as they are absent in NMO [19], Susac´s syndrome [20] and ischemic lesions [21].



Lastly, the periventricular region was the highest anatomical location of IRLs presence while the cortical was the least. This is to be expected as MS lesions are commonly seen around the ventricles [66]. Although the focus of this review was mainly in the brain, IRLs were also found in the spinal cord [40].




4.2. Gender Differences in IRLs


Few studies tested gender-specification of IRLs. Although IRLs could be detected in women, men had a higher prevalence, especially young men. Men are 10% to 40% more likely than women to have IRLs [35,41]. The reason is still unknown and needs further investigation.




4.3. Prevalence of IRLs


Different prevalence was reported of IRLs; the prevalence was calculated from the included studies based on lesions and patients counts. Overall, IRLs prevalence based on lesions counts ranges from 5–97% while 50–72% was based on patients’ numbers. The differences seen between the results could be explained by the different scanners/sequences used, which have a significant impact on lesion/rim detection. However, there is no clear conclusion about the exact IR prevalence in MS. Future studies calculating IRLs prevalence based on the number of patients would give a reasonable range compared to lesions count.



MRI ring-enhancing lesions are among the recognized patterns in MS and occur in one-quarter of all MRI enhancing lesions [30]. In contrast, few studies observed the peripheral hypointense rims on T2-weighted images. The relation of the ring enhancement with hypointense T2-weighted rims was found in 54% (7/13) of the included MS patients [19]. A pathological study investigating the correlation of biopsy MS subtypes with MRI reported that the hypointense T2-weighted rims were observed in 50% (27/54) of the cases [49].




4.4. The Evolution of IRLs over Time


The lesion volume of IRs showed a gradual increase in size and fusion with neighboring IR lesions within 3.5 years, and this was proven on both 3T and 7T studies. IRLs gradually decline over time and disappear in a few years.



IRLs expand in three to four years compared to non-IRLs, and the size stabilizes afterwards. IRLs had larger initial volumes and became thinner after 3.5 years and partially disappeared over time. New IRLs appear with an increased iron load of the entire lesion, transforming into IRLs within a year.



7T-MRI showed that the area around IRLs has a hyperintense signal, diffused and extended for several years. Although the nature of these changes is still unknown, 7T postmortem studies suggested that the hyperintensity signals could be an indication of demyelination and axonal degeneration. A study by Dal-Bianco et al. detected 9 of 16 hypointense lesions which formed as rims within 3.5 years. However, the other seven lesions started straight away, forming iron rims [67]. The explanation could be, there are two different types of rim developments, or they might miss the phase during the follow-up. To sum up, IRLs are a dynamic feature in MS, within seven years IRLs enlarge slowly, then stabilize and gradually disappear.




4.5. Pathological Nature of IRLs and Disability


Rims have a characteristic “pencil-thin” appearance at the junction of the lesion and adjacent normal-appearing WM. IR lesions are composed of iron-containing macrophages and microglia at the lesion edge. They display a phenotype of proinflammatory activation and in part contain early myelin degeneration products. IRLs have been suggested to label a subset of chronic active lesions [14,53,63]. Chronic lesion activity driven by smoldering inflammation is a pathological hallmark of progressive forms of MS. Pathological studies showed that the smoldering demyelination occurs in a similar extent in both PPMS and SPMS.



Assessing new lesions with 7T MRI indicates that a persistent phase rims had lower quantitative T1 signal intensities over time and could predict poor tissue outcomes. These interpretations were accordant with the pathological correlation of progressive MS and the concept of slowly expanding demyelination.



Recently, it has been recognized that iron and myelin are primarily contributing to WM MRI susceptibility. Iron has the properties of paramagnetic materials which allows a positive susceptibility for water content. However, myelin has the properties of diamagnetic materials which show negative susceptibility [58]. As a part of the demyelination process, it is believed that the inactive iron and proinflammatory microalga are obtained from the myelin and the debris of oligodendrocytes. Alternatively, another hypothesis states that the oligodendrocytes may contribute to releasing the iron in WM adjacent to plaques, which is thought to be produced by the inflammatory cytokines and discharged by microglia.



Hypointense rim lesions are promising predictors of the continuation of tissue injuries and inflammation in progressive MS. Thus, detecting the inflammation activity could be used to identify patients’ response to anti-inflammatory treatments. This might be valuable in improving disease prognosis as these lesions correlate with MS severity [68].



Disability scores tended to be worse in patients with rims. Despite that, the exact clinical significance of rim lesions in MS is still not clear.



This study has some interpretations of risks and limitations. One of the risks affecting all systematic mapping reviews is related to selective reporting bias [69]. To minimize this risk, three different databases were used which provide a comprehensive list of articles covering the various aspects of this mapping review. It is also worth noting that although it was decided to exclude reviews from the study however, the reference list for the reviews was checked and all relevant papers were included. Another selection bias risk relates to the criteria used to select the articles to be analyzed during the study. To mitigate such a risk, both the inclusion and exclusion criteria were clearly defined. One of the limitations is the limited number of papers available covering the same topic of interest of this review. There was much heterogeneity between studies, for example, different MRI magnetic strength, different aims, different sample size and disease types. Additionally, not all studies reported the needed information.





5. Conclusions


Based on the results of the present study it seems that IRLs were more frequently found in periventricular regions of young males with RRMS. Additionally, IRLs could be linked with a higher disability and appear to be absent in MS-mimicking disorders. Different prevalence was reported of IRLs; the prevalence was calculated from the included studies based on lesions and patients counts. (5–97%, 50–72% respectively). The lesion volume of IRs showed a gradual increase in size and fusion with neighboring IR lesions within 3.5 years. Pathologically, IRLs are a sign of chronic active inflammation and persisting demyelinating activity. Although IRs have a promising potential to be a proposed diagnostic imaging biomarker and disease progression, there is still much to learn about the aetiology and mechanisms underlying IRLs, especially regarding the link between IRLs and clinical impact and IRLs evolution and prevalence. To answer these questions, more extended observation in larger cohorts is required. Meta-analysis may further be considered.








Supplementary Materials


For the study protocol check: https://rdmc.nottingham.ac.uk/handle/internal/8308.





Funding


A.A. is funded by an academic scholarship from the Ministry of Higher Education, Saudi Arabia (2019–2023). This review work received no other external funding.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Compston, A.; Coles, A.J. Multiple sclerosis. Lancet 2008, 372, 1502–1517. [Google Scholar] [CrossRef]

	



Frischer, J.M.; Bramow, S.; Dal-Bianco, A.; Lucchinetti, C.F.; Rauschka, H.; Schmidbauer, M.; Laursen, H.; Sorensen, P.S.; Lassmann, H. The relation between inflammation and neurodegeneration in multiple sclerosis brains. Brain 2009, 132, 1175–1189. [Google Scholar] [CrossRef]

	



Montalban, X.; Tintoré, M.; Swanton, J.; Barkhof, F.; Fazekas, F.; Filippi, M.; Frederiksen, J.; Kappos, L.; Palace, J.; Polman, C.; et al. MRI criteria for MS in patients with clinically isolated syndromes. Neurology 2010, 74, 427–434. [Google Scholar] [CrossRef] [PubMed]

	



Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.; Hutchinson, M.; Kappos, L.; et al. Diagnostic criteria for multiple sclerosis: 2010 Revisions to the McDonald criteria. Ann. Neurol. 2011, 69, 292–302. [Google Scholar] [CrossRef] [PubMed]

	



Fazekas, F.; Barkhof, F.; Filippi, M.; Grossman, R.I.; Li, D.K.B.; McDonald, W.I.; McFarland, H.F.; Paty, D.W.; Simon, J.H.; Wolinsky, J.S.; et al. The contribution of magnetic resonance imaging to the diagnosis of multiple sclerosis. Neurology 1999, 53, 448–456. [Google Scholar] [CrossRef] [PubMed]

	



Charil, A.; Yousry, T.A.; Rovaris, M.; Barkhof, F.; De Stefano, N.; Fazekas, F.; Miller, D.H.; Montalban, X.; Simon, J.H.; Polman, C.; et al. MRI and the diagnosis of multiple sclerosis: Expanding the concept of “no better explanation”. Lancet Neurol. 2006, 5, 841–852. [Google Scholar] [CrossRef]

	



Solomon, A.J.; Bourdette, D.N.; Cross, A.H.; Applebee, A.; Skidd, P.M.; Howard, D.B.; Spain, R.I.; Cameron, M.H.; Kim, E.; Mass, M.K.; et al. The contemporary spectrum of multiple sclerosis misdiagnosis: A multicenter study. Neurology 2016, 87, 1393–1399. [Google Scholar] [CrossRef] [PubMed]

	



Sinnecker, T.; Clarke, M.A.; Meier, D.; Enzinger, C.; Calabrese, M.; De Stefano, N.; Pitiot, A.; Giorgio, A.; Schoonheim, M.M.; Paul, F.; et al. Evaluation of the Central Vein Sign as a Diagnostic Imaging Biomarker in Multiple Sclerosis. JAMA Neurol. 2019, 76, 1446. [Google Scholar] [CrossRef]

	



Sati, P.; Oh, J.; Constable, R.T.; Evangelou, N.; Guttmann, C.R.G.; Henry, R.G.; Klawiter, E.C.; Mainero, C.; Massacesi, L.; et al.; on behalf of the NAIMS Cooperative The central vein sign and its clinical evaluation for the diagnosis of multiple sclerosis: A consensus statement from the North American Imaging in Multiple Sclerosis Cooperative. Nat. Rev. Neurol. 2016, 12, 714–722. [Google Scholar] [CrossRef]

	



Hagemeier, J.; Weinstock-Guttman, B.; Bergsland, N.; Heininen-Brown, M.; Carl, E.; Kennedy, C.; Magnano, C.; Hojnacki, D.; Dwyer, M.G.; Zivadinov, R. Iron Deposition on SWI-Filtered Phase in the Subcortical Deep Gray Matter of Patients with Clinically Isolated Syndrome May Precede Structure-Specific Atrophy. Am. J. Neuroradiol. 2012, 33, 1596–1601. [Google Scholar] [CrossRef]

	



Absinta, M.; Sati, P.; Filippi, M.; Ohayon, J.; Cortese, I. Failure of early lesion repair in multiple sclerosis lesions with persistent phase rim. Neurology. 2015, 84 (Suppl. 14), 4–6. [Google Scholar] [CrossRef]

	



Absinta, M.; Sati, P.; Schindler, M.; Leibovitch, E.C.; Ohayon, J.; Wu, T.; Meani, A.; Filippi, M.; Jacobson, S.; Cortese, I.C.; et al. Persistent 7-tesla phase rim predicts poor outcome in new multiple sclerosis patient lesions. J. Clin. Investig. 2016, 126, 2597–2609. [Google Scholar] [CrossRef] [PubMed]

	



Absinta, M.; Reich, D.S.; Filippi, M. Spring cleaning: Time to rethink imaging research lines in MS? J. Neurol. 2016, 263, 1893–1902. [Google Scholar] [CrossRef] [PubMed]

	



Dal-Bianco, A.; Grabner, G.; Kronnerwetter, C.; Weber, M.; Höftberger, R.; Berger, T.; Auff, E.; Leutmezer, F.; Trattnig, S.; Lassmann, H.; et al. Slow expansion of multiple sclerosis iron rim lesions: Pathology and 7 T magnetic resonance imaging. Acta Neuropathol. 2017, 133, 25–42. [Google Scholar] [CrossRef] [PubMed]

	



Yao, B.; Hametner, S.; Van Gelderen, P.; Merkle, H.; Chen, C.; Lassmann, H.; Duyn, J.H.; Bagnato, F. 7 Tesla Magnetic Resonance Imaging to Detect Cortical Pathology in Multiple Sclerosis. PLoS ONE 2014, 9, e108863. [Google Scholar] [CrossRef]

	



Harrison, D.M.; Li, X.; Liu, H.; Jones, C.K.; Caffo, B.; Calabresi, P.A.; Van Zijl, P. Lesion Heterogeneity on High-Field Susceptibility MRI Is Associated with Multiple Sclerosis Severity. Am. J. Neuroradiol. 2016, 37, 1447–1453. [Google Scholar] [CrossRef]

	



Li, X.; Harrison, D.M.; Liu, H.; Jones, C.K.; Oh, J.; Calabresi, P.A.; Van Zijl, P.C. Magnetic susceptibility contrast variations in multiple sclerosis lesions. J. Magn. Reson. Imaging 2016, 43, 463–473. [Google Scholar] [CrossRef]

	



Absinta, M.; Sati, P.; Masuzzo, F.; Nair, G.; Sethi, V.; Kolb, H.; Ohayon, J.; Wu, T.; Cortese, I.C.M.; Reich, D.S. Association of Chronic Active Multiple Sclerosis Lesions With Disability In Vivo. JAMA Neurol. 2019, 76, 1474–1483. [Google Scholar] [CrossRef]

	



Chawla, S.; Kister, I.; Wuerfel, J.; Brisset, J.-C.; Liu, S.; Sinnecker, T.; Dusek, P.; Haacke, E.; Paul, F.; Ge, Y. Iron and Non-Iron-Related Characteristics of Multiple Sclerosis and Neuromyelitis Optica Lesions at 7T MRI. Am. J. Neuroradiol. 2016, 37, 1223–1230. [Google Scholar] [CrossRef]

	



Wuerfel, J.; Sinnecker, T.; Ringelstein, E.B.; Jarius, S.; Schwindt, W.; Niendorf, T.; Paul, F.; Kleffner, I.; Dörr, J. Lesion morphology at 7 Tesla MRI differentiates Susac syndrome from multiple sclerosis. Mult. Scler. J. 2012, 18, 1592–1599. [Google Scholar] [CrossRef]

	



Hosseini, Z.; Matusinec, J.; Rudko, D.; Liu, J.; Kwan, B.; Salehi, F.; Sharma, M.; Kremenchutzky, M.; Menon, R.S.; Drangova, M. Morphology-Specific Discrimination between MS White Matter Lesions and Benign White Matter Hyperintensities Using Ultra-High-Field MRI. Am. J. Neuroradiol. 2018, 39, 1473–1479. [Google Scholar] [CrossRef]

	



Frischer, J.M.; Ms, S.D.W.; Guo, Y.; Kale, N.; Parisi, J.E.; Pirko, I.; Mandrekar, J.; Bramow, S.; Metz, I.; Brück, W.; et al. Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque. Ann. Neurol. 2015, 78, 710–721. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, M.; Samaraweera, A.P.; Falah, Y.; Pitiot, A.; Allen, C.M.; Dineen, R.A.; Tench, C.R.; Morgan, P.S.; Evangelou, N. Single Test to ARrive at Multiple Sclerosis (STAR-MS) diagnosis: A prospective pilot study assessing the accuracy of the central vein sign in predicting multiple sclerosis in cases of diagnostic uncertainty. Mult. Scler. J. 2019, 26, 433–441. [Google Scholar] [CrossRef]

	



Wiggermann, V.; Torres, E.H.; Vavasour, I.M.; Moore, G.W.; Laule, C.; Mackay, A.L.; Li, D.K.; Traboulsee, A.; Rauscher, A. Magnetic resonance frequency shifts during acute MS lesion formation. Neurology 2013, 81, 211–218. [Google Scholar] [CrossRef] [PubMed]

	



Wiggermann, V.; Lee, L.E.; Hernandez-Torres, E.; Li DK, B.; Mackay, A.L.; Vavasour, I.M.; Laule1, C.; Traboulsee, A.; Rauscher, A. MR frequency shift imaging demonstrates that iron accumulation is rare in multiple sclerosis lesions. Mult Scler. 2014, 20 (Suppl. 1), 298. [Google Scholar] [CrossRef]

	



Pulli, B.; Chen, J.W. Imaging Neuroinflammation—From Bench to Bedside. J. Clin. Cell. Immunol. 2014, 5, 226. [Google Scholar] [CrossRef] [PubMed]

	



Luchetti, S.; Fransen, N.L.; Van Eden, C.G.; Ramaglia, V.; Mason, M.; Huitinga, I. Progressive multiple sclerosis patients show substantial lesion activity that correlates with clinical disease severity and sex: A retrospective autopsy cohort analysis. Acta Neuropathol. 2018, 135, 511–528. [Google Scholar] [CrossRef] [PubMed]

	



Kilsdonk, I.D.; Lopez-Soriano, A.; Kuijer, J.; De Graaf, W.L.; Castelijns, J.A.; Polman, C.H.; Luijten, P.R.; Geurts, J.J.J.G.; Barkhof, F.; Wattjes, M.P. Morphological features of MS lesions on FLAIR* at 7 T and their relation to patient characteristics. J. Neurol. 2014, 261, 1356–1364. [Google Scholar] [CrossRef]

	



Yao, B.; Ikonomidou, V.N.; Cantor, F.K.; Ohayon, J.M.; Duyn, J.; Bagnato, F. Heterogeneity of Multiple Sclerosis White Matter Lesions Detected With T2*-Weighted Imaging at 7.0 Tesla. J. Neuroimaging 2015, 25, 799–806. [Google Scholar] [CrossRef] [PubMed]

	



Llufriu, S.; Pujol, T.; Blanco, Y.; Hankiewicz, K.; Squarcia, M.; Berenguer, J.; Villoslada, P.; Graus, F.; Saiz, A. T2 hypointense rims and ring-enhancing lesions in MS. Mult. Scler. J. 2010, 16, 1317–1325. [Google Scholar] [CrossRef]

	



Treaba, C.; Granberg, T.; Herranz, E.; Mercaldo, N.; Barletta, V.; Mehndiratta, A.; Ouellette, R.; Sloane, J.; Kinkel, R.; Mainero, C. The relevance of 7-Tesla paramagnetic rim lesions in patients with multiple sclerosis. Mult. Scler. J. 2019, 25, 680–681. [Google Scholar]

	



Dal-Bianco, A.; Kolbrink, S.; Pusswald, G.; Grabner, G.; Kronnerwetter, C.; Reiter, G.; Weber, M.; Kornek, B.; Zebenholzer, K.; Schmied, C.; et al. Do 7T observed iron rim lesions in patients with multiple sclerosis serve as a marker for neuropsychological deficits? Mult. Scler. J. 2019, 25, 732. [Google Scholar]

	



Ontaneda, D.; Fox, R.J. Progressive multiple sclerosis. Curr. Opin. Neurol. 2015, 28, 237–243. [Google Scholar] [CrossRef] [PubMed]

	



Blindenbacher, N.; Brunner, E.; Asseyer, S.; Scheel, M.; Siebert, N.; Rasche, L.; Bellmann-Strobl, J.; Brandt, A.U.; Ruprecht, K.; Meier, D.; et al. Evaluation of the ‘ring sign’ and the ‘core sign’ as a magnetic resonance imaging marker of disease activity and progression in clinically isolated syndrome and early multiple sclerosis. Mult. Scler. J. Exp. Transl. Clin. 2020, 6. [Google Scholar] [CrossRef] [PubMed]

	



Clarke, M.; Pessini Ferreira, L.M.; Pareto, D.; Arrambide, G.; Alberich, M.; Crescenzo, F.; Vidal, A.G.; Tintore, M.; Auger, C.; Evangelou, N.; et al. The central vein sign and iron rings: Insights from a large cohort of patients with multiple sclerosis and mimicking disorders. Mult. Scler. J. 2019, 25, 38–39. [Google Scholar]

	



Yablonskiy, D.A.; Luo, J.; Sukstanskii, A.L.; Iyer, A.; Cross, A.H. Biophysical mechanisms of MRI signal frequency contrast in multiple sclerosis. Proc. Natl. Acad. Sci. USA 2012, 109, 14212–14217. [Google Scholar] [CrossRef]

	



Chen, W.; Gauthier, S.A.; Gupta, A.; Comunale, J.; Liu, T.; Wang, S.; Pei, M.; Pitt, D.; Wang, Y. Quantitative Susceptibility Mapping of Multiple Sclerosis Lesions at Various Ages. Radiology 2014, 271, 183–192. [Google Scholar] [CrossRef]

	



Schwartz, K.M.; Erickson, B.J.; Lucchinetti, C. Pattern of T2 hypointensity associated with ring-enhancing brain lesions can help to differentiate pathology. Neuroradiology 2006, 48, 143–149. [Google Scholar] [CrossRef]

	



Sinnecker, T.; Schumacher, S.; Mueller, K.; Pache, F.; Dusek, P.; Harms, L.; Ruprecht, K.; Nytrova, P.; Chawla, S.; Niendorf, T.; et al. MRI phase changes in multiple sclerosis vs neuromyelitis optica lesions at 7T. Neurol. Neuroimmunol. Neuroinflammation 2016, 3, e259. [Google Scholar] [CrossRef]

	



Suthiphosuwan, S.; Sati, P.; Absinta, M.; Guenette, M.; Reich, D.S.; Bharatha, A.; Oh, J. Paramagnetic Rim Sign in Radiologically Isolated Syndrome. JAMA Neurol. 2020, 77, 653. [Google Scholar] [CrossRef]

	



Tolaymat, B.; Zheng, W.; Chen, H.; Choi, S.; Li, X.; Harrison, D. Sex-specific Differences in Rim Appearance of Multiple Sclerosis lesions on Quantitative Susceptibility Mapping. Neurology 2020, 92 (Suppl. 15), 102317. [Google Scholar] [CrossRef]

	



Hametner, S.; Dal-Bianco, A.; Trattnig, S.; Lassmann, H. Iron related changes in MS lesions and their validity to characterize MS lesion types and dynamics with Ultra-high field magnetic resonance imaging. Brain Pathol. 2018, 28, 743–749. [Google Scholar] [CrossRef]

	



Kilsdonk, I.D.; Wattjes, M.P.; Lopez-Soriano, A.; Kuijer, J.P.A.; De Jong, M.C.; De Graaf, W.L.; Conijn, M.M.A.; Polman, C.H.; Luijten, P.R.; Geurts, J.J.G.; et al. Improved differentiation between MS and vascular brain lesions using FLAIR* at 7 Tesla. Eur. Radiol. 2013, 24, 841–849. [Google Scholar] [CrossRef] [PubMed]

	



Kang, Y.; Schlyer, D.; Kaunzner, U.W.; Kuceyeski, A.; Kothari, P.J.; Gauthier, S.A. Comparison of two different methods of image analysis for the assessment of microglial activation in patients with multiple sclerosis using (R)-[N-methyl-carbon-11]PK11195. PLoS ONE 2018, 13, e0201289. [Google Scholar] [CrossRef] [PubMed]

	



Absinta, M.M.; Sati, P.P.; Gaitán, M.I.M.; Maggi, P.; Cortese, I.C.M.I.; Filippi, M.M.; Reich, D.S. Seven-tesla phase imaging of acute multiple sclerosis lesions: A new window into the inflammatory process. Ann. Neurol. 2013, 74, 669–678. [Google Scholar] [CrossRef] [PubMed]

	



Absinta, M.; Bhagavatheeshwaran, G.; Sati, P. Longitudinal MRI history of lesion repair based on the presence or absence of a 7t paramagnetic RIM. In Proceedings of the 3rd Annual Americas Committee for Treatment and Research in Multiple Sclerosis Forum, ACTRIMS 2018; SAGE Publications Ltd., San Diego, CA, USA, 1–3 February 2018; p. 62. [Google Scholar] [CrossRef]

	



Chawla, S.; Kister, I.; Sinnecker, T.; Wuerfel, J.; Brisset, J.-C.; Paul, F.; Ge, Y. Longitudinal study of multiple sclerosis lesions using ultra-high field (7T) multiparametric MR imaging. PLoS ONE 2018, 13, e0202918. [Google Scholar] [CrossRef]

	



Lucchinetti, C.F.; Gavrilova, R.H.; Metz, I.; Parisi, J.E.; Scheithauer, B.W.; Weigand, S.; Thomsen, K.; Mandrekar, J.; Altintas, A.; Erickson, B.J.; et al. Clinical and radiographic spectrum of pathologically confirmed tumefactive multiple sclerosis. Brain 2008, 131, 1759–1775. [Google Scholar] [CrossRef]

	



Lucchinetti, C.; Altintasm, A.; Wegner, C.; Silvia Menk, S.; Lassmann, H.; Andreas, B. Magnetic Resonance Imaging Correlates of Multiple Sclerosis Pathologic Subtypes. Ann. Neurol. 2003, 54 (Suppl. 7), S37. [Google Scholar]

	



Oh, J.; Suthiphosuwan, S.; Guenette, M.; Absinta, M.; Reich, D.; Bharatha, A. The central vein sign and paramagnetic rim sign in white matter lesions of radiologically isolated syndrome. Neurology 2019, 92 (Suppl. 15), 420. [Google Scholar] [CrossRef]

	



Blaabjerg, M.; Ruprecht, K.; Sinnecker, T.; Kondziella, D.; Niendorf, T.; Kerrn-Jespersen, B.M.; Lindelof, M.; Lassmann, H.; Kristensen, B.W.; Paul, F.; et al. Widespread inflammation in CLIPPERS syndrome indicated by autopsy and ultra-high-field 7T MRI. Neurol. Neuroimmunol. Neuroinflammation 2016, 3, e226. [Google Scholar] [CrossRef]

	



Bian, W.; Harter, K.; E Hammond-Rosenbluth, K.; Lupo, J.M.; Xu, D.; Kelley, D.A.; Vigneron, D.B.; Nelson, S.J.; Pelletier, D. A serial in vivo 7T magnetic resonance phase imaging study of white matter lesions in multiple sclerosis. Mult. Scler. J. 2013, 19, 69–75. [Google Scholar] [CrossRef] [PubMed]

	



Absinta, M.; Sati, P.; Reich, D.S. Advanced MRI and staging of multiple sclerosis lesions. Nat. Rev. Neurol. 2016, 12, 358–368. [Google Scholar] [CrossRef] [PubMed]

	



Yao, Y.; Nguyen, T.; Pandya, S.; Rua, S.H.; Kuceyeski, A.; Wang, Y. MS lesions demonstrating a QSM hyperintense-rim have more myelin loss compared to those without a QSM hyperintense-rim. Neurology 2017, 88 (Suppl. 16), 354. [Google Scholar]

	



Tillema, J.-M.; Weigand, S.D.; Dayan, M.; Shu, Y.; Kantarci, O.H.; Lucchinetti, C.F.; Port, J.D. Dark Rims: Novel Sequence Enhances Diagnostic Specificity in Multiple Sclerosis. Am. J. Neuroradiol. 2018, 39, 1052–1058. [Google Scholar] [CrossRef]

	



Li, Y.-X.; Shi, Z.; Aibaidula, A.; Chen, H.; Tang, Q.; Li, K.K.-W.; Chung, N.Y.-F.; Chan, D.T.-M.; Poon, W.S.; Mao, Y.; et al. Not all 1p/19q non-codeleted oligodendroglial tumors are astrocytic. Oncotarget 2016, 7, 64615–64630. [Google Scholar] [CrossRef]

	



Absinta, M.; Sati, P.; Fechner, A.; Schindler, M.K.; Reich, D.S. 3T MRI detection of 7T paramagnetic rims in multiple sclerosis lesions: A step toward the clinical application. Mult. Scler. J. 2017, 23 (Suppl. 3), 79–80. [Google Scholar] [CrossRef]

	



Kaunzner, U.W.; Kang, Y.; Zhang, S.; Morris, E.; Yao, Y.; Pandya, S.; Rua, S.M.H.; Park, C.; Gillen, K.M.; Nguyen, T.D.; et al. Quantitative susceptibility mapping identifies inflammation in a subset of chronic multiple sclerosis lesions. Brain 2019, 142, 133–145. [Google Scholar] [CrossRef]

	



Kuhlmann, T.; Ludwin, S.; Prat, A.; Antel, J.; Brück, W.; Lassmann, H. An updated histological classification system for multiple sclerosis lesions. Acta Neuropathol. 2017, 133, 13–24. [Google Scholar] [CrossRef]

	



Elliott, C.; Wolinsky, J.S.; Hauser, S.L.; Kappos, L.; Barkhof, F.; Bernasconi, C.; Wei, W.; Belachew, S.; Arnold, D.L. Slowly expanding/evolving lesions as a magnetic resonance imaging marker of chronic active multiple sclerosis lesions. Mult. Scler. J. 2018, 25, 1915–1925. [Google Scholar] [CrossRef]

	



Haacke, E.M.; Mittal, S.; Wu, Z.; Neelavalli, J.; Cheng, Y.-C. Susceptibility-Weighted Imaging: Technical Aspects and Clinical Applications, Part 1. Am. J. Neuroradiol. 2009, 30, 19–30. [Google Scholar] [CrossRef]

	



Haacke, E.M.; Xu, Y.; Cheng, Y.-C.N. Susceptibility weighted imaging (SWI). Magn. Reson. Med. 2004, 52, 612–618. [Google Scholar] [CrossRef] [PubMed]

	



Bagnato, F.; Hametner, S.; Yao, B.; Van Gelderen, P.; Merkle, H.; Cantor, F.K.; Lassmann, H.; Duyn, J.H. Tracking iron in multiple sclerosis: A combined imaging and histopathological study at 7 Tesla. Brain 2011, 134, 3599–3612. [Google Scholar] [CrossRef] [PubMed]

	



Sati, P.; George, I.C.; Shea, C.D.; Gaitán, M.I.; Reich, D.S. FLAIR*: A Combined MR Contrast Technique for Visualizing White Matter Lesions and Parenchymal Veins. Radiology 2012, 265, 926–932. [Google Scholar] [CrossRef] [PubMed]

	



Kister, I.; Chawla, S.; Wuerfel, J.T.; Sinnecker, T.; Paul, F.; Ge, Y. Longitudinal study of MS lesions using multi-parametric ultra-high field (7Tesla) MRI. Mult Scler. J. 2016, 22 (Suppl. 3), 240. [Google Scholar] [CrossRef]

	



Casini, G. Are Periventricular Lesions Specific for Multiple Sclerosis? J. Neurol. Neurophysiol. 2013, 4, 150. [Google Scholar] [CrossRef]

	



Dal-Bianco, A.; Grabner, G.; Kronnerwetter, C.; Weber, M.; Berger, T.; Leutmezer, F.; Rommer, P.; Trattnig, S.; Lassmann, H.; Hametner, S. Iron rim lesions in multiple sclerosis at 7 Tesla magnetic resonance imaging: A 7 year prospective longitudinal study. Mult Scler. J. 2019, 25, 50–51. [Google Scholar]

	



Filippi, M.; Preziosa, P.; Banwell, B.L.; Barkhof, F.; Ciccarelli, O.; De Stefano, N.; Geurts, J.J.G.; Paul, F.; Reich, D.S.; Toosy, A.T.; et al. Assessment of lesions on magnetic resonance imaging in multiple sclerosis: Practical guidelines. Brain 2019, 142, 1858–1875. [Google Scholar] [CrossRef]

	



Higgins, J.; Altman, D. Assessing Risk of Bias in Included Studies. In Cochrane Handbook for Systematic Reviews of Interventions; John Wiley & Sons, Ltd.: Chichester, UK, 2017. [Google Scholar]








[image: Diagnostics 10 00968 g001 550] 





Figure 1. PRISMA flowchart of studies selection. 
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Figure 2. The graph illustrates the numbers of original articles on IRLs presence in MRI published annually, as indexed in Scopus (scopus.com); 2020 publications not included as not a full year. 
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Figure 3. Illustrates the main anatomical location of the IRLs in MS lesions when reported (total of 5 papers). 
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Figure 4. Illustrates the number of papers that found a link between IRLs presence and concurrent disability. 
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Figure 5. Illustrates the prevalence of Rim presence in MS patients, the percentage based on the total lesion number. 
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Figure 6. Illustrates the prevalence of IR detected in MS patients. Numbers of patients with at least one IR are shown. 
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Figure 7. Shows in years the reported expansion of IRLs and shrinkage in MS. 
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Table 1. This table illustrates the study selection criteria.
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	Inclusion
	Exclusion





	Brain studies on WMLs with rims presence
	Studies published before 2001



	Pathological studies
	Animal studies



	Studies published in peer-review journals or the grey literature
	Case reports, reviews or systematic literature reviews and qualitative studies, opinion pieces, editorials comments, and news



	Literature is written in English

MRIs field strength reported
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