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Introduction: Multiple sclerosis (MS) is a demyelinating and neurodegenerative disease of the central nervous system, characterized by inflammatory-driven demyelination. Symptoms in MS manifest as both physical and neuropsychological deficits. With time, inflammation is accompanied by neurodegeneration, indicated by brain volume loss on an MRI. Here, we combined clinical, imaging, and serum biomarkers in patients with iron rim lesions (IRLs), which lead to severe tissue destruction and thus contribute to the accumulation of clinical disability.

Objectives: Subcortical atrophy and ventricular enlargement using an automatic segmentation pipeline for 7 Tesla (T) MRI, serum neurofilament light chain (sNfL) levels, and neuropsychological performance in patients with MS with IRLs and non-IRLs were assessed.

Methods: In total 29 patients with MS [15 women, 24 relapsing-remitting multiple sclerosis (RRMS), and five secondary-progressive multiple sclerosis (SPMS)] aged 38 (22–69) years with an Expanded Disability Status Score of 2 (0–8) and a disease duration of 11 (5–40) years underwent neurological and neuropsychological examinations. Volumes of lesions, subcortical structures, and lateral ventricles on 7-T MRI (SWI, FLAIR, and MP2RAGE, 3D Segmentation Software) and sNfL concentrations using the Simoa SR-X Analyzer in IRL and non-IRL patients were assessed.

Results: (1) Iron rim lesions patients had a higher FLAIR lesion count (p = 0.047). Patients with higher MP2Rage lesion volume exhibited more IRLs (p <0.014) and showed poorer performance in the information processing speed tested within 1 year using the Symbol Digit Modalities Test (SDMT) (p <0.047). (2) Within 3 years, patients showed atrophy of the thalamus (p = 0.021) and putamen (p = 0.043) and enlargement of the lateral ventricles (p = 0.012). At baseline and after 3 years, thalamic volumes were lower in IRLs than in non-IRL patients (p = 0.045). (3) At baseline, IRL patients had higher sNfL concentrations (p = 0.028). Higher sNfL concentrations were associated with poorer SDMT (p = 0.004), regardless of IRL presence. (4) IRL and non-IRL patients showed no significant difference in the neuropsychological performance within 1 year.

Conclusions: Compared with non-IRL patients, IRL patients had higher FLAIR lesion counts, smaller thalamic volumes, and higher sNfL concentrations. Our pilot study combines IRL and sNfL, two biomarkers considered indicative for neurodegenerative processes. Our preliminary data underscore the reported destructive nature of IRLs.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic disease of the central nervous system with focal and diffuse inflammation within the white and gray matter (1, 2) leading to demyelination and whole-brain atrophy (3) due to destruction and loss of myelin, oligodendrocytes, and axons (4, 5). Worldwide, an estimated 2.5 million people suffer from MS. Most people with MS are diagnosed between the age of 20 and 40. Chronic tissue destruction over years leads to disability and cognitive impairment of varying degrees in patients. Serum and imaging biomarkers are becoming more important for the prediction of disease severity at an already early stage (6–15). It is, therefore, crucial to evaluate the clinical value of imaging and body fluid biomarkers. One such biomarker is the identification of iron rim lesions (IRLs) as shown in Figure 1A. About 50% of chronic active lesions are IRLs characterized by a susceptibility-weighted image (SWI) or R2*-detected hypointense or quantitative susceptibility mapping (QSM)-detected hyperintense rim of iron-containing microglia and macrophages representing their demyelination border (7, 15–17). They are associated with slow expansion (7, 9, 15) and less remyelination (17). IRLs are found in all clinical stages of MS (9, 18–23). They are particularly common in the transition phase from relapsing-remitting MS (RRMS) into secondary-progressive MS (SPMS) and are therefore considered as potential imaging markers of disease progression. They are found in around 50–66% of patients with MS (8, 24) and are also detectable at 3T (8, 25–29). IRLs show more pronounced T1-hypointensity and less remyelination compared to non-IRLs, suggesting the proinflammatory rim to mark for remyelination failure and/or irreversible tissue damage (15, 17) and show more myelin damage compared with non-IRLs (30–32).


[image: Figure 1]
FIGURE 1. Images scanned at 7T. (A) FLAIR-SWI overview image shows multiple hyperintense white matter lesions surrounded by SWI-detected hypointense iron rims in a 27-year-old male relapsing-remitting multiple sclerosis (RRMS) patient with 7 years of disease duration and a Multiple Sclerosis Severity Score (MSSS) of 6.98. The white rectangle indicates the magnified iron rim lesion (IRL). (B) Segmentation of the subcortical deep gray matter structures. Subcortical segmentation maps are overlaid on the 7T T1-weighted MP2RAGE single-subject template from a male RRMS patient. (C) Significant reduction of the thalamus volume within 3 years within the cohort (left) and according to individual courses (right). (D) Significant enlargement of the lateral ventricles of the cohort (left) and according to individual courses (right). BL, baseline; FU, follow-up; ml, milliliter; sbj, subject; yr, year.


The destructive nature of IRLs adds to the already agreed contribution of lesion burden in the white matter and the increasing cortical demyelination in the progressive stage (33) and is amplified by brain aging and mitochondrial damage (34). According to a recent clinical study, IRL patients showed a significantly higher lesion load and ventricular volume, whereas white matter and basal ganglia volumes were lower compared to non-IRL patients (8). Male patients showed a significantly higher than 10-fold risk for at least 1 IRL (35), and patients with more than 4 IRLs were described to reach the motor and cognitive disability significantly earlier and show a higher prevalence of clinically progressive MS compared to patients without IRLs (8). These clinical and imaging observations underscore the relevance of IRLs as an important imaging biomarker for progression with a more severe disease course.

The role of another biomarker, serum neurofilament light chain (sNfL), has attracted considerable interest as a parameter for axonal damage to monitor and predict disease progression (36–41). Elevated sNfL levels correlated highly with imaging disease activity (gadolinium positive signal on T1, GD+T1, and T2 lesion volume) and tissue destruction (brain atrophy) (36, 38, 42), and patients with RRMS and SPMS showed significantly higher levels of sNfL compared to healthy controls (13) and returned to normal levels after autologous hematopoietic stem cell transplantation (IAHSCT) (43).

A recent study pointed out a significant association between IRL and increased sNfL levels, independent of previously shown factors influencing sNfL, such as T2 lesion load, disease course, Expanded Disability Status Scale (EDSS), and disease-modifying therapy (DMT) (44). In addition, it has been reported that patients with MS with elevated sNfL levels have an increased risk of physical deterioration (13) and a neuropsychological decline in terms of processing speed (11), memory, and executive function (45). sNfL is reported to have a prognostic value for the conversion from clinically isolated syndrome to clinical-definite MS (46). Furthermore, sNfL levels assessed early from disease onset are reported to correlate significantly with 10-year follow-up MRI parameters, such as T2 lesion load and whole-brain atrophy and fatigue (14, 37, 47) and with long-term clinical motor outcome after 15 years (12) but only weakly with the long-term evolution of cognitive performance (48). Nevertheless, sNfL research is currently in its early stages, and a normative database of sNfL in healthy individuals is still needed including the effects of age and comorbidities (41, 49).

In this study, we report data from our long-term 7T follow-up cohort of 29 MS patients with 7T MRI-detected IRLs in terms of subcortical atrophy detected by 7T MRI, a long-term observation of sNfL, and neuropsychological performance.



PATIENTS AND METHODS


Patients

Demographic, clinical, and MRI data of 29 patients from our long-term 7T MS follow-up cohort observed since 2010 (7, 15, 50) are shown in Tables 1, 2 according to the time points of this substudy. Patients were diagnosed with clinically definite MS according to the revised McDonald criteria (51) at the Department of Neurology, Medical University of Vienna, Austria. All patients met the following criteria at the time of inclusion since 2010: age >18 years, ERSS ≤ 6.5 (52), no corticosteroid therapy during the last 3 months preceding each MRI and blood sampling and no contraindications for 7T MRI. The study was approved by the local university ethics committee (EC 154/2009). Written informed consent was obtained from each patient. In total 29 patients (15 women, 24 RRMS, five SPMS) had a median age of 38 (range 22–69) years and a disease duration of 11 (range 5–40) years, an EDSS at baseline of 2.0 (range 0–8.0), and a Multiple Sclerosis Severity Scale (MSSS) at 3-year follow-up (3yr FU) of 1.8 (range 0.1–7.0) reflecting disease progression according to Roxburgh et al. (53). Since study inclusion in 2010, 2 SPMS patients exceeded the EDSS of 6.5. All patients underwent annual neurological examinations including medical history, EDSS, Timed 25-Foot Walk Test (T25FW), and Nine-Hole Peg Test (9-HPT). At study baseline, 48.3% of patients (14/29) received first-line DMT, 34.5% (10/29) received second-line DMT, and 17.2% (5/29) received no DMT. At the end of the observation period, therapy was discontinued in 2 SPMS patients [6.9% (2/29)] without superimposed relapses. Patients were neuropsychologically tested on the Symbol Digit Modalities Test (SDMT), a measure of cognitive information processing speed, which is a characteristic deficit in MS patients (n = 29) and 1 year thereafter (n = 27) (54). Annual 7T-MRI scans (SWI, FLAIR, and MP2RAGE) were used to assess lesion burden and 3yr FU volumetry of lateral ventricles and subcortical structures. Assessment of sNfL concentration was based on blood samples taken at baseline (n = 27) and after 3 years (n = 28). Two patients with RRMS withdrew from the study after baseline because of time constraints and relocation abroad, respectively. All time points of examinations are shown in Figure 2.


Table 1. Demographic, clinical, and radiographic data of the total study cohort.
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Table 2. Demographic, clinical, and MRI data of the atrophy cohort.
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FIGURE 2. The flowchart provides a temporal overview of the examinations of the study cohort. Total cohort (n = 29) underwent examinations including Expanded Disability Status Scale (EDSS), Timed 25-Foot Walk Test (T25FW), Nine-Hole-Peg-Test (9-HPT), Symbol Digit Modality Test (SDMT), a blood draw for serum neurofilament light chain (sNfL), and 7T MR imaging (SWI, FLAIR, and MP2RAGE) according to the time point indicated above. Lateral ventricles and subcortical structures were measured only in the so-called atrophy cohort of 13 patients as they were scanned at both time points within 1 month, which increases data homogeneity. Two RRMS patients dropped out before 1-year follow-up examination due to time constraints and a move abroad.




Methods
 
MRI Acquisition and Processing

Imaging was performed according to our previous publication (7) on a Siemens Magnetom 7T MRI system, using a 32-channel radio frequency (RF) coil (Nova Medical, Wilmington, MA, USA). FLAIR images were acquired using a turbo spin echo (TSE) sequence with variable flip-angle echo trains. SWI data were acquired using a 3D fully first-order flow-compensated SWI sequence with TE = 25 ms, TR = 38 ms, image matrix = 704 × 704, slices = 96, resolution = 0.3 mm × 0.3 mm × 1.2 mm. Detailed information on pulse sequence parameters has been published before (50). Phase filtering and SWI image processing were performed by the manufacturer reconstruction. The FLAIR sequence was combined with the filtered SWI phase data (vendor-provided) as described previously, referred to as FLAIR-SWI contrast (55). T1-weighted data were acquired upon implementing an MP2RAGE sequence in 2018 with the following parameters: voxel size 0.375 mm × 0.375 mm × 0.75 mm, TI1/TI2 = 700/2,700 ms; TE = 4 ms, TR = 5,000 ms, flip angle1/2 = 4/5°, GRAPPA = 3, and a total acquisition of 8:03 min:s. Patients did not receive contrast-agent as we did not expect any current clinical benefit and due to reported concerns with contrast-agent applications (56, 57).



Lesion Identification and Quantification

Lesion selection criteria and quantification technique were consistent with our previous studies (7, 15). Supratentorial lesions of the periventricular, juxtacortical, and deep white matter in the frontal, parietal, and occipital lobes (58) and in the upper parts of the temporal lobes were analyzed. Due to field inhomogeneities near tissue–air interfaces, lesions in the inferior temporal lobes and infratentorially could not be adequately assessed. According to our publications (7, 15), segmentation was performed only for the lesions with well-demarcated borders. IRLs were defined as discrete hyperintense white matter lesions in FLAIR images, which were completely or partially surrounded by a hypointense rim seen on at least three contiguous slices in FLAIR-SWI. For the volumetry of non-IRLs, discrete non-confluent MS lesions (59) without dark phase rims but with distinct borders of FLAIR hyperintensity to surrounding normal-appearing white matter were selected. All lesions, including the 166 IRLs, were manually traced at baseline using display, part of the MINC toolbox (http://packages.bic.mni.mcgill.ca), by an MS expert with 10 years of experience in ultrahigh-field segmentation (ADB) under the supervision of a board-certified radiologist (ST). Assessment of intra-rater variability for lesion volumes was performed on 15 randomly selected IRLs and non-IRLs twice from the same rater (ADB) on FLAIR-SWI and MP2RAGE images. Intra-rater variability, based on the dice coefficient (DC) as a measure of the spatial overlap of two volumes, showed an “almost perfect match” (60). The DC ranges from 0 to 1, with 1 indicating perfect overlap. The DC (mean value ± SD) was calculated for FLAIR-SWI and MP2RAGE. DC values for FLAIR-SWI: pooled IRL and non-IRL = 0.89 ± 0.06, IRL = 0.92 ± 0.05, non-IRL = 0.86 ± 0.05, and for MP2RAGE: pooled IRL and non-IRL = 0.86 ± 0.14, IRL = 0.90 ± 0.02, and non-IRL = 0.83 ± 0.18.



Measurement of Lateral Ventricles and Subcortical Volumes

T1-weighted MP2RAGE images from two MRI scan points (baseline and 3yr FU) were analyzed using a robust automatic segmentation pipeline for 7T imaging as described below. The average time interval between the two MRI scans was 36.2 (±1.6) months. To increase data homogeneity, only patients who were scanned at both time points within 1 month were selected for this evaluation (n = 13). The demographic data of the atrophy cohort are summarized in Table 2. To prepare the T1w-MP2RAGE images for segmentation and to ensure consistent segmentation results across subjects, the six following pre-processing steps were performed:

1. Background noise removal using a regularized method of the combination of the two inversion time images (INV1 and INV2), resulting in corrected T1w-images without the strong background noise (61).

2. Lesion-filling with binary lesion maps using the Advanced Normalization Tools (ANTs, http://stnava.github.io/ANTs/).

3. Skull stripping using the HD-BET brain extraction tool (62).

4. N4 bias correction using a mask image in order to compensate for low-frequency image components only in the brain region (63).

5. Rician denoising of the T1w-images in order to reduce high-frequency Rician noise (64, 65).

6. Intensity normalization to the arbitrary range (0–100).

For subcortical segmentation, all images were resampled to 0.75 mm isotropic using tricubic interpolation. A single-subject template (SST) was then created using the ANTs template construction pipeline (66). This template represented the average morphology of the time series, which ensured an equally biased registration to each time point (65), which was also shown to increase segmentation consistency (67). Second, manual annotated labels based on 20 individual expert labels (68) were transformed into the SST image space (69). Third, the inverse subject-to-SST transformation for each time point was applied to the SST labels, warping the labels to each time point image. These labels were then used to determine the subcortical volumes using the ANTs LabelGeometryMeasures tool (66). Figure 1B shows an example of the segmentation results of the subcortical deep gray matter structures, in particular the lateral ventricles, thalamus, caudate nucleus, putamen, and pallidum, and was used for further analysis.



Analysis of Serum Neurofilament Light Chain Concentrations

For the measurement of sNfL concentrations, stored samples were thawed for 60 min at room temperature and analyzed by an investigator blinded to all clinical and MRI data using the Simoa Nf-light kits in the Simoa SR-X Analyzer (Quanterix, Lexington, MA, USA) (70). The sNfL assay was performed according to the instructions and protocol of the manufacturer and is described elsewhere (71). Briefly, thawed samples and calibrators were equilibrated to room temperature, diluted in sample diluent (1:4), and dispensed in 96-well plates as duplicates. About 20 μl of the detector and 25 μl of the paramagnetic beads were consecutively dispensed in each well, and plates were incubated and shaken (Simoa microplate incubator, 30°C, 800 RPM for 30 min). After pre-set washing steps on the Simoa microplate washer, 100 μl streptavidin β-galactosidase was added to each well, and plates were incubated (30°C, 800 RPM for 10 min) and washed. After a final washing step, plates were dried for 10 min before being transferred to the Quanterix SR-X analyzer for reading. Only samples with a coefficient of variance (mean sNfL concentrations as calculated by two replicates) of < 0.2 were included in this study. Statistical analysis of sNfL concentrations was based on tested blood samples from 27 patients for each time point.



Neuropsychological Examination

The SDMT was assessed by clinical neuropsychologists in 29 MS patients at baseline and in 27 of those patients 1 year thereafter. Two patients did not participate in the neuropsychological follow-up. The neuropsychological performance is presented as SDMT z-score in mean and SE according to the IRL presence (Table 3; Figure 3C). The change of neuropsychological performance in SDMT within 1 year was compared between IRL and non-IRL patients and given as the p-value in Table 3. Furthermore, SDMT z-scores were presented according to the lesion volume (Figure 3B) and sNfL (Figure 3B).


Table 3. Change of SDMT z-scores within 1 year between IRL and non-IRL patients of the total cohort.
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FIGURE 3. Boxplots display in (A) the number of iron rims in patients grouped by their MP2Rage total lesion volume in ml, in (B) SDMT z-scores grouped according to the MP2Rage total lesion volume in ml at baseline (white bars) and 1yr FU (cross-hatched bars), in (C) SDMT z-scores grouped according to non-IRL and IRL patients at baseline (white bars) and 1yr FU (cross-hatched bars), in (D) sNfL concentrations in pg/ml in non-IRL and IRL patients and in (E) sNfL concentrations in pg/ml grouped according to count of IRLs. (F) The scatter plot reflects the relationship between sNfL concentrations and the SDMT. Number of evaluated patients is given within the graphs. The p-values of boxplots indicate results from non-parametric Kruskal–Wallis tests and post-hoc Mann–Whitney U-tests. The p-value of the scatterplot indicates the Spearman's rank correlation coefficient used to evaluate the bivariate correlation. Only significant p-values are given. IRLs, iron rim lesions; FU: follow-up; SDMT, symbol digit modalities test; sNfL, serum neurofilament light chain; yr, year.




Statistical Analysis

Data were analyzed using the IBM SPSS®Statistics for Windows Version 26 (IBM Corp., Armonk, NY, USA). Paired t-tests (for normally distributed differences) or Wilcoxon matched-pairs signed ranks tests (for skewed differences) were used to test for changes over time. Mann–Whitney U-tests (to compare two groups) or Kruskal–Wallis tests (for three or more groups) were used to compare groups with respect to volumes, sNfL concentrations, and neuropsychological test results. Boxplots were used for graphical representation. Because of skewed data, Spearman's rank correlation coefficient was used to evaluate bivariate correlations. The p-values ≤ 0.05 were considered significant.





RESULTS

Demographic, clinical, and MRI data are given in Tables 1, 2. At the beginning of the MRI examination, one patient developed a brief episode of claustrophobia, and 2 patients reported mild dizziness when entering the scanner. No MRI scan had to be interrupted or aborted for these reasons. No intravenous contrast agent was administered.


Patients With IRLs Show More FLAIR Lesions

Based on MRI scans at baseline, 1,013 hyperintense supratentorial FLAIR lesions were detected in our MS cohort, of which 16.4% (n = 166) showed a surrounding SWI-detected hypointense iron rim (IRL). About 27.6% of patients (n = 8/29) had no IRL, 37.9% of patients (n = 11/29) had 1–3 IRLs, and 34.5% of patients (n = 10/29) had more than four IRLs. As shown in Table 1, IRL patients (n = 21) had significantly more FLAIR lesions than non-IRL patients, regardless of the number of IRLs according to the above-mentioned groups [p = 0.047; IRL patients: 32 (5–98) vs. non-IRL patients: 11.5 (2–64)]. MP2RAGE lesion count [p = 0.09; IRL patients: 23 (3–115) vs. non-IRL patients: 11.5 (1–135)] and MP2RAGE lesion volume in ml [p = 0.2; IRL patients: 31.4 (2.4–241.9) vs. non-IRL patients: 14.4 (0.8–439.9)] did not differ significantly between IRL and non-IRL patients.

Patients with an MP2RAGE lesion volume between 10 and 100 ml (n = 18) had significantly more IRLs than patients with less than 10 ml (n = 4) (p <0.014; Figure 3A). Due to the comparison of 4 patients with 18 patients, we omitted the p-value in Figure 3A. As shown in Figure 3B, higher MP2RAGE lesion volume was associated with lower cognitive performance (SDMT) at baseline and after 1 year. Patients with an MP2RAGE lesion volume higher than 100 ml showed significantly worse SDMT performance compared to the patients with lesion volume of 10–100 ml (BL: p = 0.05, 1yr FU: p = 0.03) and below 10 ml (BL: p = 0.02; 1yr FU: p = 0.06) [SDMT baseline: <10 ml: 0.25 (−0.5 to 1); 10 <100 ml: 0 (−3 to 1.5); >100 ml: −2 (−3 to 0); SDMT 1yr FU: <10 ml: 1 (0–2); 10 <100 ml: 0.5 (−3 to 2.5); >100 ml: −1.5 (−3 to 0)]. IRL patients did not show significantly worse SDMT performance than non-IRL patients (Figure 3C; BL: p = 0.218; 1yr FU: p = 0.106, even when grouped by the number of IRLs (0; 1–3; ≥4 IRLs) (BL: p = 0.236; 1yr FU: p = 0.253).



Patients With IRLs Show Thalamic Atrophy

The results presented are based on the described segmentation pipeline on 7T image data used to measure the subcortical structures (thalamus, caudate nucleus, putamen, and pallidum) and lateral ventricle volumes on 7T T1w-MP2RAGE images at baseline and 3 years later. Detailed demographic, clinical, and MRI data are shown in Table 2. Within 3 years, the atrophy cohort showed a significant shrinkage of thalamic volume (Figure 1C; p = 0.021; BL: 15 ± 2.4 ml; 3yr FU: 14.8 ± 2.8 ml) and the putamen volume (p = 0.043; BL: 8.33 ± 1.25 ml; 3yr FU: 8.29 ± 1.26 ml), and significant enlargement of the lateral ventricles (Figure 1D; p = 0.012; BL: 20.6 ± 7.1 ml; 3yr FU: 22.2 ± 8.4 ml). Such changes were also observed in non-IRL patients for the lateral ventricles (p = 0.045; BL: 17.3 ± 3.5; 3yr FU: 19.1 ± 4.8) and the putamen (p = 0.038; BL: 8.7 ± 1.0; 3yr FU: 8.6 ± 1.0; Table 2). Interestingly, the thalamic volume of IRL patients was significantly lower compared to non-IRL patients at both time points (BL: p = 0.045; 3yr FU: p = 0.045). Loss of thalamus volume within 3 years was significantly higher in IRL than in non-IRL [p = 0.019; IRL: −0.29 ml (−0.79 to 0.02) vs. non-IRL: −0.06 ml (−0.19 to 0.10)].



Serum NfL Concentrations Are Higher in Patients With IRLs

Blood samples were obtained at baseline and after 3 years. Table 1 shows the median concentration levels and ranges of sNfL in the total cohort and grouped by the presence of IRL for both time points, baseline and 3yr FU. The sNfL concentration increased in all groups over 3 years [total cohort: BL: 5.7 pg/ml (3.2–23.7), 3yr FU: 8.0 pg/ml (3.8–21.5); IRL patients: BL: 7.6 pg/ml (3.3–19.2), 3yr FU: 8.8 pg/ml (5.2–21.5); non-IRL patients: BL: 4.4 pg/ml (3.2–23.72); 3yr FU: 6.1 pg/ml (3.8–19.8)]. IRL patients had higher concentrations of sNfL at both time points, with significantly higher concentrations at baseline compared to non-IRL patients (Figure 3D, p = 0.045). The p-value was omitted from Figure 3D because of the small number of patients. Concentrations of sNfL increased with the number of IRLs without significant differences between groups (Figure 3E). Within 3 years, sNfL concentrations also did not increase significantly in any of the cohorts, as shown in Table 1 (total cohort: p = 0.225; IRL patients: p = 0.051; non-IRL patients: p = 0.23). For relative changes, we defined an increase in sNfL concentration of more than 25% and a decrease of 20% from baseline as the ratio of 100:125 equals the ratio of 80:100. In the total cohort, sNfL remained stable in 53.8% (14/26), increased in 38.5% (10/26), and decreased in 7.7% (2/26). IRL-patients showed stable sNfL levels in 50% (9/18), increased in 38.9% (7/18), and decreased in 11.1% (2/18). The sNfL of non-IRL patients remained stable at 62.5% (5/8) and increased in 37.5% (3/8).



Serum NfL Concentrations Correlate With Neuropsychological Impairment in IRL and Non-IRL Patients

As shown in Figure 3F, high sNfL concentrations were associated with lower SDMT performance in the total cohort (p <0.004), IRL patients (p <0.034), and non-IRL patients (p <0.030).



Patients With IRLs and Non-IRLs Do Not Differ Significantly in Change in Neuropsychological Performance After 1 Year

Patients with IRLs performed slightly worse on the SDMT at baseline and 1 year, yet there was no significant difference between mean z-scores or between changes in neuropsychological performance within 1 year compared with non-IRL patients (Table 3 and Figure 3C).




DISCUSSION

Our exploratory pilot study focuses on the clinical, radiological, and serological differences between patients with and without IRLs to understand the further significance of IRLs, a promising imaging biomarker for severe disease course and disease progression in MS (8, 9). We tested our 4 primary defined objectives: lesion load, volumes of subcortical structures and lateral ventricles, sNfL, and the SDMT, as we hypothesized a worse outcome of IRL patients compared to non-IRL patients. The following 3 findings support the destructive potential of IRLs: First, IRL patients have a significantly higher number of FLAIR lesions. Second, IRL patients showed significantly smaller thalamic volume. Third, IRL patients showed significantly higher sNfL concentrations, at least at the baseline.

There was no significant difference in performance on the SDMT within 1 year between IRL and non-IRL patients. Nevertheless, all results discussed here are preliminary findings from our small pilot study, but are essentially consistent with the destructiveness of iron rims reported in the literature.


Patients With IRLs Show More FLAIR Lesions

This finding should lead to a closer examination of IRLs as biomarkers of high lesion burden, indicating a more severe disease course and providing a further argument for early therapy, as demonstrated in a long-term study in which MS patients with an initial high FLAIR lesion burden had greater clinical disability after 20 years than MS patients with a low initial FLAIR lesion burden (6). However, it has been previously shown that not only the number but also the extent of T1-hypointensity within FLAIR lesions on the fast FLAIR image at 1.5T is significantly more pronounced in patients with SPMS and correlates with EDSS (72). This was prior to technical advances in high-field MRI and iron rim imaging with susceptibility-sensitive MRI sequences such as SWI, R2*, or QSM and may have already demonstrated the demyelinating potential and/or lack of remyelination of IRLs, which are reflected as T1-black holes and contribute to severe tissue loss (17, 73). IRLs might therefore play a potential role in the future as a vanguard predictor of high lesion burden associated with clinical deterioration (9), leading to disability at an earlier age (8).



Patients With IRLs Show Thalamic Atrophy

Brain atrophy results from years of chronic inflammation and axonal degeneration on top of physiological brain volume loss with age. However, it is also already found early in MS (74–77) but is most pronounced with disease duration (78, 79). It is reported to correlate more closely with the clinical impairment than the T1 or T2 lesion load in the white matter and identifies patients at risk for progression (80), making it an important MRI biomarker (81, 82). In particular, the gray matter volume loss is of increasing interest as it is more strongly associated with the clinical impairment than the white matter atrophy (83–87). Among gray matter structures, the thalamus is considered particularly susceptible to neurodegeneration through lesions within the thalamus itself, but also indirectly via the crossing demyelinated nerve tracts of the white matter and cortex, and therefore serves as a measure of diffuse parenchymal damage (88). Thalamic volume changes have been reported to be associated with cognitive impairment (89–91). This would be consistent with our results showing significant thalamic volume loss within 3 years in the atrophy cohort. Here, we would like to emphasize that the patients with IRLs in this cohort (n = 8) had a significantly smaller thalamus, which is consistent with a cross-sectional study of 192 patients that showed significant volume loss in the basal ganglia (thalamus, caudate nucleus, and putamen), especially in patients with more than 4 iron rims (8). In contrast to Absinta et al. (8), the significant increase in lateral ventricles was only detected independently of IRLs, possibly due to the small number of patients. However, our results reflect atrophy within 3 years of observation, with particular focus on the significantly small thalamus in IRL patients, whose dynamics will be monitored in the next years.



Serum NfL Concentrations Are Higher in IRL Patients

Disanto et al. (36) found higher sNfL levels in patients with active Gd-enhancing MS lesions in both the brain and spinal cord, whose pathology particularly contributes to clinical deterioration. The fact that, in addition to age, relapses and disability as measured by EDSS were positively and independently associated with higher sNfL levels already suggested that higher sNfL levels reflect not only active inflammation but also chronic, slowly progressive inflammation that eventually leads to disability progression. Now, a recent study (44) has shown that high sNfL levels are significantly driven by chronic, active IRLs, independent of all known factors affecting sNfL (e.g., T2 lesion load, disease course, EDSS, and DMTs). Higher atrophy rates and earlier clinical deterioration in IRL patients (8) are therefore now further supported by prominent neuroaxonal damage reflected in higher sNfL levels than in non-IRL patients (44). This strong association between IRL and sNfL suggests IRL—an imaging marker of chronic active inflammation—as a significant driver of neuroaxonal damage without evidence of acute inflammation (44). In line with this recent study (44), we also found that concentrations of sNfL increased with the number of IRLs. Furthermore, higher sNfL concentrations were associated with poorer neuropsychological performance in our study population, irrespective of IRLs. The proportions with a significant sNfL increase (>25%) in our study were higher in the IRL cohort than in the non-IRL cohort. This increase even exceeded the age-matched 1% per year increase as shown in a large cohort by Khalil et al. (41). Our data are specifically interesting as IRL and non-IRL patients in our study cohort were of comparable median age and disease duration, which rule out the influence of age and disease duration on sNfL concentration in our small cohort [age: IRL: 38 years (22–60) vs. non-IRL: 36 years (22–69); disease duration: IRL: 11 years (5–37) vs. non-IRL: 12.5 years (6–40)]. In addition, the individual age of the patients was comparably distributed within the groups. Furthermore, the group of non-IRL patients even included the oldest study patient and had a slightly longer disease duration. As the distinction between normal and pathological aging based on sNfL levels is not yet reliable (41) and a normative database is lacking (49), internal control within our demographic comparable group appears favorable and reliable. Since the patients in our study did not receive contrast agent, no correlation would have been possible here. Patients who received different therapies, such as rituximab, natalizumab, fingolimod, siponimod, and ocrelizumab in randomized trials, were reported to have significantly lower sNfL levels compared to the placebo group (49). Due to the small study cohort and differences in patient therapy, no analysis could be performed here. Nevertheless, according to Maggi et al. (44), IRLs were found to be a significant and apparently independent driver of neurodegeneration, as reflected by high sNfL levels. This has shed light on sNfL in chronic inflammation from a new perspective without the significant importance of the known factors influencing sNfL.

The increased axonal damage assessed by sNfL in IRL patients complements the knowledge of the destructiveness of IRLs (17) in terms of their association with higher lesion burden, atrophy, prominent black holes, and the worse clinical and neuropsychological outcome described earlier (8, 9). Our findings, therefore, are consistent with chronic inflammation and increased sNfL (44) and with the reported associations between increased sNfL, increased lesion burden, and atrophy (14, 42). Furthermore, neurofilament is assigned a value as a predictor of long-term clinical outcome (12) and is thought to be weakly associated with neuropsychological impairment (48). All these NfL-associated parameters fit the destructive lesion characteristics of IRLs described above.



Patients With IRLs and Non-IRLs Do Not Differ in Neuropsychological Performance Within 1 Year

Patients with MS often suffer from neuropsychological deficits. They can be easily missed, particularly in the very early stages in patients with stable EDSS, and become more and more pronounced in the progressive stage according to the proceeding atrophy (92, 93). Explicit neuropsychological deterioration in patients with RRMS is discussed as a conversion marker into the progressive stage of MS as a result of structural damage over time with increasing cognitive dysfunction causing the network to collapse (94). Therefore, neuropsychological testing at the onset of the disease is considered to be of great importance. We tested the total cohort at 1-year intervals on SDMT, particularly a sensitive test to detect slow information processing commonly seen in MS (54). IRL and non-IRL patients showed no significant differences in their neuropsychological performance within 1 year. Therefore, we extend our neuropsychological follow-up tests to the third and fifth years.

Since our study results point substantively in the same direction as other IRL studies (8, 44), we see preliminary value in our findings, but they definitely need to be confirmed in multiple larger cohort studies.




LIMITATIONS

This study has some limitations. First, our 7T MRI long-term exploratory pilot study includes only a relatively small number of patients. Therefore, we did not take potential covariates related to sNfL (e.g., age, disease duration, MRI lesion load, and treatment) into account to avoid further subgroup reduction. However, on the one side, we consider the group comparison to be a reliable approach because of the comparability in age and disease duration of the IRL and non-IRL patients; and on the other side, according to Maggi et al. (44), the association between sNfL and IRL was significant regardless of known factors influencing sNfL. Second, the interval between MRI and blood sampling only at baseline averaged 7.5 ± 2.7 months. At the 3yr FU time point, MRI and blood sampling were performed on the same day. Nevertheless, given the evidence that PRLs have been shown to last at least 7 years (15), IRL and non-IRL groups are considered as stable. Furthermore, sNfL values of our cohort remained also quite stable over time. Moreover, the significant result of sNfL levels between the IRL group and the non-IRL group is based on blood sampling at the same time point. Serum and MR parameters in our study were independently pointing toward pronounced neurodegeneration in the IRL group as previously shown (8, 44). We further consider the only 1-year observation period of neuropsychological performance too short, which should have initially served as a clinical differentiator in our relatively EDSS stable MS cohort. Nevertheless, our tested objectives were already in this small cohort significantly different between IRL and non-IRL patients, implying from a statistical point of view that the differences must be large. Moreover, the significant results fit very well the literature on the destructive nature of IRLs and go in line with a larger cohort study (44). We continue to monitor our cohort for lesion number, atrophy, neurofilament dynamics, and neuropsychological deficits associated with the presence of IRLs.



CONCLUSION

With our pilot study, we aim to contribute to a more accurate knowledge of IRLs in MS. Our current results confirm that patients with IRLs have more FLAIR lesions, show signs of thalamic atrophy, and have higher concentrations of sNfL compared with non-IRL patients. Therefore, our preliminary findings point in the direction of the discussed destructive nature of IRLs. In the future, the combined power of serum and imaging biomarkers, in addition to clinical parameters, may facilitate the assessment of the clinical risk profile and thus play a role in the future therapy management. Additional long-term observations of atrophy, sNfL concentrations, and neuropsychological performance in clinical trials with a representative number of patients with and without IRLs would be an important step to further assess the neurodegenerative properties of IRLs.
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REFERENCES

 1. Charcot JM. Histologie de la sclerose en plaques. Gazette des Hopitaux. (1868) 41:554–66. 

 2. Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF, Rauschka H, Schmidbauer M, et al. The relation between inflammation and neurodegeneration in multiple sclerosis brains. Brain. (2009) 132:1175–1189. doi: 10.1093/brain/awp070

 3. Schippling S, Ostwaldt AC, Suppa P, Spies L, Manogaran P, Gocke C, et al. Global and regional annual brain volume loss rates in physiological aging. J Neurol. (2017) 264:520–8. doi: 10.1007/s00415-016-8374-y

 4. Babinski J. Recherches sur l'anatomie pathologique de la sclerose en plaque etétude comparative des diverses variétés de la scleroses de la moelle. Arch Physiol. (1885) 5–6:186–207. 

 5. Prineas JW, Kwon EE, Cho ES, Sharer LR. Continual breakdown and regeneration of myelin in progressive multiple sclerosis plaques. Ann NY Acad Sci. (1984) 436:11–32. doi: 10.1111/j.1749-6632.1984.tb14773.x

 6. Fisniku LK, Brex PA, Altmann DR, Miszkiel KA, Benton CE, Lanyon R, et al. Disability and T2 MRI lesions: a 20-year follow-up of patients with relapse onset of multiple sclerosis. Brain J Neurol. (2008) 131:808–17. doi: 10.1093/brain/awm329

 7. Dal-Bianco A, Grabner G, Kronnerwetter C, Weber M, Hoftberger R, Berger T, et al. Slow expansion of multiple sclerosis iron rim lesions: pathology and 7 T magnetic resonance imaging. Acta Neuropathol. (2017) 133:25–42. doi: 10.1007/s00401-016-1636-z

 8. Absinta M, Sati P, Masuzzo F, Nair G, Sethi V, Kolb H, et al. Association of chronic active multiple sclerosis lesions with disability in vivo. JAMA Neurol. (2019) 76:1474–83. doi: 10.1001/jamaneurol.2019.2399

 9. Blindenbacher N, Brunner E, Asseyer S, Scheel M, Siebert N, Rasche L, 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) 6:2055217320915480. doi: 10.1177/2055217320915480

 10. Bsteh G, Berek K, Hegen H, Teuchner B, Buchmann A, Voortman MM, et al. Serum neurofilament levels correlate with retinal nerve fiber layer thinning in multiple sclerosis. Mult Scler. (2020) 26:1682–90. doi: 10.1177/1352458519882279

 11. Jakimovski D, Zivadinov R, Ramanthan M, Hagemeier J, Weinstock-Guttman B, Tomic D, et al. Serum neurofilament light chain level associations with clinical and cognitive performance in multiple sclerosis: a longitudinal retrospective 5-year study. Mult Scler. (2020) 26:1670–81. doi: 10.1177/1352458519881428

 12. Kuhle J, Plavina T, Barro C, Disanto G, Sangurdekar D, Singh CM, et al. Neurofilament light levels are associated with long-term outcomes in multiple sclerosis. Mult Scler. (2020) 26:1691–9. doi: 10.1177/1352458519885613

 13. Manouchehrinia A, Stridh P, Khademi M, Leppert D, Barro C, Michalak Z, et al. Plasma neurofilament light levels are associated with the risk of disability in multiple sclerosis. Neurology. (2020). doi: 10.1212/WNL.0000000000009571

 14. Plavina T, Singh CM, Sangurdekar D, de Moor C, Engle B, Gafson A, et al. Association of serum neurofilament light levels with long-term brain atrophy in patients with a first multiple sclerosis episode. JAMA Netw Open. (2020) 3:e2016278. doi: 10.1001/jamanetworkopen.2020.16278

 15. Dal-Bianco A, Grabner G, Kronnerwetter C, Weber M, Kornek B, Kasprian G, et al. Long-term evolution of multiple sclerosis iron rim lesions in 7 T MRI. Brain. (2021). doi: 10.1093/brain/awaa436

 16. Bagnato F, Hametner S, Welch EB. Visualizing iron in multiple sclerosis. Magn Reson Imaging. (2013) 31:376–84. doi: 10.1016/j.mri.2012.11.011

 17. Absinta M, Sati P, Schindler M, Leibovitch EC, Ohayon J, Wu T, et al. Persistent 7-tesla phase rim predicts poor outcome in new multiple sclerosis patient lesions. J Clin Invest. (2016) 126:2597–609. doi: 10.1172/JCI86198

 18. Prineas JW, Kwon EE, Cho ES, Sharer LR, Barnett MH, Oleszak EL, et al. Immunopathology of secondary-progressive multiple sclerosis. Ann Neurol. (2001) 50:646–57. doi: 10.1002/ana.1255

 19. Mehta V, Pei W, Yang G, Li S, Swamy E, Boster A, et al. Iron is a sensitive biomarker for inflammation in multiple sclerosis lesions. PLoS ONE. (2013) 8:e57573. doi: 10.1371/journal.pone.0057573

 20. Frischer JM, Weigand SD, Guo Y, Kale N, Parisi JE, Pirko I, et al. Clinical and pathological insights into the dynamic nature of the white matter multiple sclerosis plaque. Ann Neurol. (2015) 78:710–21. doi: 10.1002/ana.24497

 21. Harrison DM, Li X, Liu H, Jones CK, Caffo B, Calabresi PA, et al. Lesion heterogeneity on high-field susceptibility MRI is associated with multiple sclerosis severity. AJNR Am J Neuroradiol. (2016) 37:1447–53. doi: 10.3174/ajnr.A4726

 22. Luchetti S, Fransen NL, van Eden CG, 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) 135:511–28. doi: 10.1007/s00401-018-1818-y

 23. Kaunzner UW, Kang Y, Zhang S, Morris E, Yao Y, Pandya S, et al. Quantitative susceptibility mapping identifies inflammation in a subset of chronic multiple sclerosis lesions. Brain. (2019) 142:133–45. doi: 10.1093/brain/awy296

 24. Chawla S, Kister I, Sinnecker T, Wuerfel J, Brisset JC, Paul F, et al. Longitudinal study of multiple sclerosis lesions using ultra-high field (7T) multiparametric MR imaging. PLoS ONE. (2018) 13:e0202918. doi: 10.1371/journal.pone.0202918

 25. Absinta M, Sati P, Fechner A, Schindler MK, Nair G, Reich DS. Identification of chronic active multiple sclerosis lesions on 3T MRI. AJNR Am J Neuroradiol. (2018) 39:1233–8. doi: 10.3174/ajnr.A5660

 26. Eisele P, Fischer K, Szabo K, Platten M, Gass A. Characterization of contrast-enhancing and non-contrast-enhancing multiple sclerosis lesions using susceptibility-weighted imaging. Front Neurol. (2019) 10:1082. doi: 10.3389/fneur.2019.01082

 27. Clarke MA, Pareto D, Pessini-Ferreira L, Arrambide G, Alberich M, Crescenzo F, et al. Value of 3T susceptibility-weighted imaging in the diagnosis of multiple sclerosis. AJNR Am J Neuroradiol. (2020) 41:1001–8. doi: 10.3174/ajnr.A6547

 28. Maggi P, Sati P, Nair G, Cortese ICM, Jacobson S, Smith BR, et al. Paramagnetic rim lesions are specific to multiple sclerosis: an international multicenter 3T MRI study. Ann Neurol. (2020) 88:1034–42. doi: 10.1002/ana.25877

 29. Ng Kee Kwong KC, Mollison D, Meijboom R, York EN, Kampaite A, Thrippleton MJ, et al. The prevalence of paramagnetic rim lesions in multiple sclerosis: a systematic review and meta-analysis. PLoS ONE. (2021) 16:e0256845. doi: 10.1371/journal.pone.0256845

 30. Yao Y, Nguyen TD, Pandya S, Zhang Y, Hurtado Rua S, Kovanlikaya I, et al. Combining quantitative susceptibility mapping with automatic zero reference (QSM0) and myelin water fraction imaging to quantify iron-related myelin damage in chronic active MS lesions. AJNR Am J Neuroradiol. (2018) 39:303–10. doi: 10.3174/ajnr.A5482

 31. Elliott C, Arnold DL, Chen H, Ke C, Zhu L, Chang I, et al. Patterning chronic active demyelination in slowly expanding/evolving white matter MS lesions. AJNR Am J Neuroradiol. (2020) 41:1584–91. doi: 10.3174/ajnr.A6742

 32. Rahmanzadeh R, Lu PJ, Barakovic M, Weigel M, Maggi P, Nguyen TD, et al. Myelin and axon pathology in multiple sclerosis assessed by myelin water and multi-shell diffusion imaging. Brain. (2021) 144:1684–96. doi: 10.1093/brain/awab088

 33. Magliozzi R, Howell O, Vora A, Serafini B, Nicholas R, Puopolo M, et al. Meningeal B-cell follicles in secondary progressive multiple sclerosis associate with early onset of disease and severe cortical pathology. Brain. (2007) 130:1089–104. doi: 10.1093/brain/awm038

 34. Lassmann H. (2018). Multiple sclerosis pathology. Cold Spring Harb Perspect Med 8:a028936. doi: 10.1101/cshperspect.a028936

 35. Tolaymat B, Zheng W, Chen H, Choi S, Li X, Harrison DM. Sex-specific differences in rim appearance of multiple sclerosis lesions on quantitative susceptibility mapping. Mult Scler Relat Disord. (2020) 45:102317. doi: 10.1016/j.msard.2020.102317

 36. Disanto G, Barro C, Benkert P, Naegelin Y, Schadelin S, Giardiello A, et al. Serum Neurofilament light: a biomarker of neuronal damage in multiple sclerosis. Ann Neurol. (2017) 81:857–70. doi: 10.1002/ana.24954

 37. Chitnis T, Gonzalez C, Healy BC, Saxena S, Rosso M, Barro C, et al. Neurofilament light chain serum levels correlate with 10-year MRI outcomes in multiple sclerosis. Ann Clin Transl Neurol. (2018) 5:1478–91. doi: 10.1002/acn3.638

 38. Jakimovski D, Kuhle J, Ramanathan M, Barro C, Tomic D, Hagemeier J, et al. Serum neurofilament light chain levels associations with gray matter pathology: a 5-year longitudinal study. Ann Clin Transl Neurol. (2019) 6:1757–70. doi: 10.1002/acn3.50872

 39. Altmann P, De Simoni D, Kaider A, Ludwig B, Rath J, Leutmezer F, et al. Increased serum neurofilament light chain concentration indicates poor outcome in Guillain-Barre syndrome. J Neuroinflammation. (2020) 17:86. doi: 10.1186/s12974-020-01737–0

 40. Haring DA, Kropshofer H, Kappos L, Cohen JA, Shah A, Meinert R, et al. Long-term prognostic value of longitudinal measurements of blood neurofilament levels. Neurol Neuroimmunol Neuroinflamm. (2020) 7:e856. doi: 10.1212/NXI.0000000000000856

 41. Khalil M, Pirpamer L, Hofer E, Voortman MM, Barro C, Leppert D, et al. Serum neurofilament light levels in normal aging and their association with morphologic brain changes. Nat Commun. (2020) 11:812. doi: 10.1038/s41467-020-14612-6

 42. Kuhle J, Kropshofer H, Haering DA, Kundu U, Meinert R, Barro C, et al. Blood neurofilament light chain as a biomarker of MS disease activity and treatment response. Neurology. (2019) 92:e1007–15. doi: 10.1212/WNL.0000000000007032

 43. Thebault S, R Tessier D, Lee H, Bowman M, Bar-Or A, Arnold DL, et al. High serum neurofilament light chain normalizes after hematopoietic stem cell transplantation for MS. Neurol Neuroimmunol Neuroinflamm. (2019) 6:e598. doi: 10.1212/NXI.0000000000000598

 44. Maggi P, Kuhle J, Schadelin S, van der Meer F, Weigel M, Galbusera R, et al. Chronic white matter inflammation and serum neurofilament levels in multiple sclerosis. Neurology. (2021) 97:e543–53. doi: 10.1212/WNL.0000000000012326

 45. Mattioli F, Bellomi F, Stampatori C, Mariotto S, Ferrari S, Monaco S, et al. Longitudinal serum neurofilament light chain (sNfL) concentration relates to cognitive function in multiple sclerosis patients. J Neurol. (2020) 267:2245–51. doi: 10.1007/s00415-020-09832-1

 46. Dalla Costa G, Martinelli V, Sangalli F, Moiola L, Colombo B, Radaelli M, et al. Prognostic value of serum neurofilaments in patients with clinically isolated syndromes. Neurology. (2019) 92:e733–41. doi: 10.1212/WNL.0000000000006902

 47. Srpova B, Uher T, Hrnciarova T, Barro C, Andelova M, Michalak Z, et al. Serum neurofilament light chain reflects inflammation-driven neurodegeneration and predicts delayed brain volume loss in early stage of multiple sclerosis. Mult Scler. (2021) 27:52–60. doi: 10.1177/1352458519901272

 48. Friedova L, Motyl J, Srpova B, Oechtering J, Barro C, Vodehnalova K, et al. The weak association between neurofilament levels at multiple sclerosis onset and cognitive performance after 9 years. Mult Scler Relat Disord. (2020) 46:102534. doi: 10.1016/j.msard.2020.102534

 49. Kapoor R, Smith KE, Allegretta M, Arnold DL, Carroll W, Comabella M, et al. Serum neurofilament light as a biomarker in progressive multiple sclerosis. Neurology. (2020) 95:436–44. doi: 10.1212/WNL.0000000000010346

 50. Dal-Bianco A, Hametner S, Grabner G, Schernthaner M, Kronnerwetter C, Reitner A, et al. Veins in plaques of multiple sclerosis patients - a longitudinal magnetic resonance imaging study at 7 Tesla. Eur Radiol. (2015) 25:2913–20. doi: 10.1007/s00330-015-3719-y

 51. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald criteria. Ann Neurol. (2011) 69:292–302. doi: 10.1002/ana.22366

 52. Kurtzke JF. Rating neurologic impairment in multiple sclerosis: an expanded disability status scale (EDSS). Neurology. (1983) 33:1444–52. doi: 10.1212/wnl.33.11.1444

 53. Roxburgh RH, Seaman SR, Masterman T, Hensiek AE, Sawcer SJ, Vukusic S, et al. Multiple sclerosis severity score: using disability and disease duration to rate disease severity. Neurology. (2005) 64:1144–51. doi: 10.1212/01.WNL.0000156155.19270.F8

 54. Benedict RH, DeLuca J, Phillips G, LaRocca N, Hudson LD, Rudick R, et al. Validity of the symbol digit modalities test as a cognition performance outcome measure for multiple sclerosis. Mult Scler. (2017) 23:721–33. doi: 10.1177/1352458517690821

 55. Grabner G, Dal-Bianco A, Schernthaner M, Vass K, Lassmann H, Trattnig S. Analysis of multiple sclerosis lesions using a fusion of 3.0 T FLAIR and 7.0 T SWI phase: FLAIR SWI. J Magn Reson Imaging. (2011) 33:543–9. doi: 10.1002/jmri.22452

 56. Chehabeddine L, Al Saleh T, Baalbaki M, Saleh E, Khoury SJ, Hannoun S. Cumulative administrations of gadolinium-based contrast agents: risks of accumulation and toxicity of linear vs macrocyclic agents. Crit Rev Toxicol. (2019) 49:262–79. doi: 10.1080/10408444.2019.1592109

 57. Forslin Y, Martola J, Bergendal A, Fredrikson S, Wiberg MK, Granberg T. Gadolinium retention in the brain: an MRI relaxometry study of linear and macrocyclic gadolinium-based contrast agents in multiple sclerosis. AJNR Am J Neuroradiol. (2019) 40:1265–73. doi: 10.3174/ajnr.A6112

 58. Filippi M, Preziosa P, Banwell BL, Barkhof F, Ciccarelli O, De Stefano N, et al. Assessment of lesions on magnetic resonance imaging in multiple sclerosis: practical guidelines. Brain. (2019) 142:1858–75.

 59. Filippi M, Rocca MA, Ciccarelli O, De Stefano N, Evangelou N, Kappos L, et al. MRI criteria for the diagnosis of multiple sclerosis: MAGNIMS consensus guidelines. Lancet Neurol. (2016) 15:292–303.

 60. Landis JR, Koch GG. The measurement of observer agreement for categorical data. Biometrics. (1977) 33:159–74.

 61. O'Brien KR, Kober T, Hagmann P, Maeder P, Marques J, Lazeyras F, et al. Robust T1-weighted structural brain imaging and morphometry at 7T using MP2RAGE. PLoS ONE. (2014) 9:e99676. doi: 10.1371/journal.pone.0099676

 62. Isensee F, Schell M, Pflueger I, Brugnara G, Bonekamp D, Neuberger U, et al. Automated brain extraction of multisequence MRI using artificial neural networks. Hum Brain Mapp. (2019) 40:4952–64. doi: 10.1002/hbm.24750

 63. Tustison NJ, Avants BB, Cook PA, Zheng Y, Egan A, Yushkevich PA, et al. N4ITK: improved N3 bias correction. IEEE Trans Med Imaging. (2010) 29:1310–20. doi: 10.1109/TMI.2010.2046908

 64. Manjon JV, Coupe P, Marti-Bonmati L, Collins DL, Robles M. Adaptive non-local means denoising of MR images with spatially varying noise levels. J Magn Reson Imaging. (2010) 31:192–203. doi: 10.1002/jmri.22003

 65. Tustison NJ, Holbrook AJ, Avants BB, Roberts JM, Cook PA, Reagh ZM, et al. The ANTs longitudinal cortical thickness pipeline. bioRxiv [Preprint]. (2018). doi: 10.1101/170209 

 66. Avants BB, Tustison N, Song G. Advanced normalization tools (ants). Insight J. (2009) 2:1–35. 

 67. Shaw TB, Bollmann S, Atcheson NT, Strike LT, Guo C, McMahon KL, et al. Non-linear realignment improves hippocampus subfield segmentation reliability. Neuroimage. (2019) 203:116206. doi: 10.1016/j.neuroimage.2019.116206

 68. Klein A, Tourville J. 101 labeled brain images and a consistent human cortical labeling protocol. Front Neurosci. (2012) 6:171. doi: 10.3389/fnins.2012.00171

 69. Wang H, Suh JW, Das SR, Pluta JB, Craige C, Yushkevich PA. Multi-atlas segmentation with joint label fusion. IEEE Trans Pattern Anal Mach Intell. (2013) 35:611–23. doi: 10.1109/TPAMI.2012.143

 70. Rissin DM, Kan CW, Campbell TG, Howes SC, Fournier DR, Song L, et al. Single-molecule enzyme-linked immunosorbent assay detects serum proteins at subfemtomolar concentrations. Nat Biotechnol. (2010) 28:595–9. doi: 10.1038/nbt.1641

 71. Altmann P, Leutmezer F, Zach H, Wurm R, Stattmann M, Ponleitner M, et al. Serum neurofilament light chain withstands delayed freezing and repeated thawing. Sci Rep. (2020) 10:19982. doi: 10.1038/s41598-020-77098-8

 72. Rovaris M, Comi G, Rocca MA, Cercignani M, Colombo B, Santuccio G, et al. Relevance of hypointense lesions on fast fluid-attenuated inversion recovery MR images as a marker of disease severity in cases of multiple sclerosis. AJNR Am J Neuroradiol. (1999) 20:813–20.

 73. Elliott C, Belachew S, Wolinsky JS, Hauser SL, Kappos L, Barkhof F, et al. Chronic white matter lesion activity predicts clinical progression in primary progressive multiple sclerosis. Brain. (2019) 142:2787–99. doi: 10.1093/brain/awz212

 74. Chard DT, Griffin CM, Parker GJ, Kapoor R, Thompson AJ, Miller DH. Brain atrophy in clinically early relapsing-remitting multiple sclerosis. Brain 125. (2002) 327–37. doi: 10.1093/brain/awf025

 75. Dalton CM, Brex PA, Jenkins R, Fox NC, Miszkiel KA, Crum WR, et al. Progressive ventricular enlargement in patients with clinically isolated syndromes is associated with the early development of multiple sclerosis. J Neurol Neurosurg Psychiatry. (2002) 73:141–7. doi: 10.1136/jnnp.73.2.141

 76. De Stefano N, Matthews PM, Filippi M, Agosta F, De Luca M, Bartolozzi ML, et al. Evidence of early cortical atrophy in MS: relevance to white matter changes and disability. Neurology. (2003) 60:1157–62. doi: 10.1212/01.wnl.0000055926.69643.03

 77. Engl C, Tiemann L, Grahl S, Bussas M, Schmidt P, Pongratz V, et al. Cognitive impairment in early MS: contribution of white matter lesions, deep grey matter atrophy, and cortical atrophy. J Neurol. (2020) 267:2307–18. doi: 10.1007/s00415-020-09841–0

 78. Eshaghi A, Marinescu RV, Young AL, Firth NC, Prados F, Jorge Cardoso M, et al. Progression of regional grey matter atrophy in multiple sclerosis. Brain. (2018) 141:1665–77. doi: 10.1093/brain/awy088

 79. Magliozzi R, Reynolds R, Calabrese M. MRI of cortical lesions and its use in studying their role in MS pathogenesis and disease course. Brain Pathol. (2018) 28:735–42. doi: 10.1111/bpa.12642

 80. Scalfari A, Romualdi C, Nicholas RS, Mattoscio M, Magliozzi R, Morra A, et al. The cortical damage, early relapses, and onset of the progressive phase in multiple sclerosis. Neurology. (2018) 90:e2107–18. doi: 10.1212/WNL.0000000000005685

 81. Miller DH, Barkhof F, Frank JA, Parker GJ, Thompson AJ. Measurement of atrophy in multiple sclerosis: pathological basis, methodological aspects and clinical relevance. Brain 125. (2002) 1676–95. doi: 10.1093/brain/awf177

 82. Eijlers AJC, Dekker I, Steenwijk MD, Meijer KA, Hulst HE, Pouwels PJW, et al. Cortical atrophy accelerates as cognitive decline worsens in multiple sclerosis. Neurology. (2019) 93:e1348–59. doi: 10.1212/WNL.0000000000008198

 83. Fisher E, Lee JC, Nakamura K, Rudick RA. Gray matter atrophy in multiple sclerosis: a longitudinal study. Ann Neurol. (2008) 64:255–65. doi: 10.1002/ana.21436

 84. Fisniku LK, Chard DT, Jackson JS, Anderson VM, Altmann DR, Miszkiel KA, et al. Gray matter atrophy is related to long-term disability in multiple sclerosis. Ann Neurol. (2008) 64:247–54. doi: 10.1002/ana.21423

 85. Rocca MA, Mesaros S, Pagani E, Sormani MP, Comi G, Filippi M. Thalamic damage and long-term progression of disability in multiple sclerosis. Radiology. (2010) 257:463–9. doi: 10.1148/radiol.10100326

 86. Roosendaal SD, Bendfeldt K, Vrenken H, Polman CH, Borgwardt S, Radue EW, et al. Grey matter volume in a large cohort of MS patients: relation to MRI parameters and disability. Mult Scler. (2011) 17:1098–106. doi: 10.1177/1352458511404916

 87. Pitteri M, Romualdi C, Magliozzi R, Monaco S, Calabrese M. Cognitive impairment predicts disability progression and cortical thinning in MS: An 8-year study. Mult Scler. (2017) 23:848–54. doi: 10.1177/1352458516665496

 88. Kipp M, Wagenknecht N, Beyer C, Samer S, Wuerfel J, Nikoubashman O. Thalamus pathology in multiple sclerosis: from biology to clinical application. Cell Mol Life Sci. (2015) 72:1127–47. doi: 10.1007/s00018-014-1787-9

 89. Bisecco A, Capuano R, Caiazzo G, d'Ambrosio A, Docimo R, Cirillo M, et al. Regional changes in thalamic shape and volume are related to cognitive performance in multiple sclerosis. Mult Scler. (2019) 1352458519892552. doi: 10.1177/1352458519892552

 90. Lorefice L, Carta E, Frau J, Contu F, Casaglia E, Coghe G, et al. The impact of deep grey matter volume on cognition in multiple sclerosis. Mult Scler Relat Disord. (2020) 45:102351. doi: 10.1016/j.msard.2020.102351

 91. Pinter D, Khalil M, Pirpamer L, Damulina A, Pichler A, Fruhwirth V, et al. Long-term course and morphological MRI correlates of cognitive function in multiple sclerosis. Mult Scler. (2020) 1352458520941474. doi: 10.1177/1352458520941474

 92. Potagas C, Giogkaraki E, Koutsis G, Mandellos D, Tsirempolou E, Sfagos C, et al. Cognitive impairment in different MS subtypes and clinically isolated syndromes. J Neurol Sci. (2008) 267:100–6. doi: 10.1016/j.jns.2007.10.002

 93. Renner A, Baetge SJ, Filser M, Ullrich S, Lassek C, Penner IK. Characterizing cognitive deficits and potential predictors in multiple sclerosis: A large nationwide study applying brief international cognitive assessment for multiple sclerosis in standard clinical care. J Neuropsychol. (2020) 14:347–69. doi: 10.1111/jnp.12202

 94. Schoonheim MM, Meijer KA, Geurts JJ. Network collapse and cognitive impairment in multiple sclerosis. Front Neurol. (2015) 6:82. doi: 10.3389/fneur.2015.00082

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

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

Copyright © 2021 Dal-Bianco, Schranzer, Grabner, Lanzinger, Kolbrink, Pusswald, Altmann, Ponleitner, Weber, Kornek, Zebenholzer, Schmied, Berger, Lassmann, Trattnig, Hametner, Leutmezer and Rommer. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-12-632749-t002.jpg
Number of analyzed patients
Gender (f/m)

Number of IRL (f/m)

Age, years; median (range)

Disease duration, years; median (range)

Disease course (RRMS/SPMS)
EDSS; median (range)

Baseline®

3yrFUe

MSSS; median (range)

3yrFuUe

Lateral ventricles, ml; mean (STD)
Baseline®

3yrFue

Thalamus, ml; mean (STD)
Baseline®

3yrFue

Caudate nucleus, ml; mean (STD)
Baseline®

3yrFu?

Putamen, ml; mean (STD)
Baseline®

3yrFUe

Pallidum, ml; mean (STD)
Baseline®

3yrFue

Total atrophy
cohort

13
/6
58
45 (22-69)
11 (5-19)
18/0

15(0-2.5)
2(0.25)

1.4(0.1-3.5)
206 (7.1)

22.2(8.4)
15 (2.4)

14.8(2.8)
66(1.0

6.6(1.1)
833 (1.25)

829 (1.26)
28(0.9)

2803

Volume data are given as mean (STD), all other paramsters as median (range).
2Values refer to the time point of the MRI scan at baseline and 3yr FU.

The p-values <0.05 indicate significant results and are shown in brackets. Significant results are marked in bolcface. BL, baseline; EDSS, Expanded Disabilty Status Scale; f, femae;
FLAIR, Fluid-attenuated inversion recovery; FU, follow-up; IRL, iron rim lesion; m, male; MP2RAGE, Magnetization Prepared RApid Graciient Echo; mi, milliter; MSSS, Multiple Scierosis

Severity Score; r, range; RRMS, relapsing-remitting multiple sclerosi

p-values total

IRL patients

Non-IRL patients p-values IRL vs. p-values

atrophy cohort atrophy cohort atrophy cohort  Non-IRL  non-IRL

BLvs. 3yr FU

0.012

0.021

0.043

8
5/3
37/21
495 (25-63)
12.5 (6-19)
80

15(0-2.5)
1.75 (0-2.6)

1.4 02-2.1)
226(8.2)

24.1(9.8)
14.03 (2.5)

13.97 (2.5)
67(12)

6.7(1.3)
8.1(1.4)

80(1.4)
28(0.4)

2803

BLvs. 3yr FU

5
23
30 (22-49)
11(6-16)
5/0

15(0-25)
2(0-25)

28(0.1-3.5)
17.3(3.5) 0045

19.1(4.8)
165(1.0) 0045

16.2(0.9) 0045
65(0.7)

65(0.6)
87(1.0) 0.038

86(1.0)
28(0.3)

28(03

SDMT: Symbol Digit Modality Test: SPMS, secondary progressive multiple sclerosis; yr, year.





OPS/images/fneur-12-632749-t003.jpg
Change within IRL patients

1 year IRL (BL: n = 21;1yr FU:

vs non-IRL. =19)
BLAyrFU
p-values mean + SE
SDMT z-score 0.243 ~0.76 4 0.28/
-0.47 £0.34

Values are given in mean (SE).
The p-value <0.05 indicates significant resut.
BL, baseline; FU, follow-up; SDMT: Symbol Digit Modalities Test.

Patients

with non-IRL

(BL:n =8 1yr
FU:n=8)
BL/Ayr FU
mean + SE

-025+
0.40/0.44 £ 0.66





OPS/images/fneur-12-632749-g003.gif
-yl s
4

-8

SN (pgimi)

L A — 2}

T sl g
oo™ b
0
S [ i €
1 A fo |
! I oS =
NondRL patients  IRL pationts. o Non-RL pationts. IRL patients.
o .
=2 .
N gl
. IL g0 .
H b B
.
T ——t —r 7

Numbar of iron fm lesions (IRLS)





OPS/images/fneur-12-632749-t001.jpg
Number of analyzed patients/with IRLs
Gender (f/m)

Number of IRL (f/m)

Age, years

Disease duration, years

Disease course (RRMS/SPMS)
EDSS

Baseline® (0 = 29/21/8)

1yr FU? (n = 27/19/8)°

At sNiL measure 3yr FU (n = 27/19/8) ®
Msss

At 1yr FU* (n = 26/19/7)°

AtsNiL measure 3yr FU (n = 26/19/7)°
Relapse count

Baseline® (1 = 29/21/8)°

1yr FUR (0 = 28/20/8)°

Treatment (noneffirst-line/second line)
Baseline®

1yr FUR

9-HPT, (r/1)

Baseline® (1 = 28/20/8)°

1yr FUR (0 = 27/19/8)>

T25FW

Baseline® (n = 27/20/7)°

1yr FUR (0 = 25/18/7)°

SDMT z-score

Baseline® (1 = 29/21/8)°

1yr FUR (0 = 27/19/8)°

SNAL (pg/mi)

Baseline (n = 27/19/8)°

3yrFU (n = 28/20/8)°

FLAIR lesion count; n = (29/21/8)°
MP2RAGE non-IRL lesion count; n = (29/21/8)°
MP2RAGE IRL lesion count; n = (29/21/8)°

Total cohort

29
15/14

38 (22-69)
11(6-40)
24/5

2(0-8)
2(0-8)
2(0-8)

13(0.11-7)
18(0.1-7)

002
0(0-2)

5/14/10
7/13/9

209 (15.6-41.1)/22.8
(15.95-43.6)

20.4(14.2-39.4)/21.9
(15.4-85.8)

55 (4.2-16.4)
59(4.1-18.0)

0(-3t015)
0(-3t025)

5.7 (32-23.7)
80(3.8-21.5)
30 (2-98)

20 (1-185)

MP2RAGE Non-IRL lesion volume, ml; n = (29/21/8)" 29.4(0.8-439.9)

Allvalues are given in median (range).

2Values refer to the time point of the neuropsychological testing at baseline and Tyr FU.
PNumbers in brackets indicate the number of patients grouped according to the column categories (total cohort, IRL, and non-IRL).
The p-values < 0.05 indicate significant results and are merked in boldface.
BL, baseline; EDSS, Expanded Disabilty Status Scale; f, female; FLAIR, flid-attenuated inversion recovery; FU, follow-up; IRL, iron rim lesion; m, male; MP2RAGE, magnetization
Prepared RApid Gradlient Echo; MSSS, Multiple Sclerosis Severity Score; 1, range; RRMS, relapsing-remitting multiple sclerosis; SDMT, Symbol Digit Modlity Test; sNIL, serum
neurofilament light chain; SPMS, secondary-progressive multiple sclerosis; SWi, susceptibilty-weighted images; yr; year; SHPT, Nine-Hole-Peg-Test; T25FW, timed 25-foot walk test;

1/, right hand/left hand.

IRL patients

21
10711

166 (46/120)
38 (22-60)
11 (5-37)
17/4

2(0-7.5)
2(0-75)
2(0-8)

1.4(0:2-7)
1.702-7)

0(0-2)
0(0-2)

3/10/8
5/9/7

21.4 (15.7-41.1/28.3
(15.9-43.6)

202 (15.7-39.4y21.9
(15.4-85.8)

5.4 (4.2-16.4)
5.8 (4.1-18.0)

~05(-3101.5)
~05(-31t02.5)

7.6 (3.3-19.2)
88 (5.2-21.5)
32(5-98)
23(3-115)
3(1-41)

31.4 (2.4-241.9)

Non-IRL patients p-values
IRL vs. Non-IRL

8
5/3

36 (22-69)
12.5 (6-40)
"

15(0-8)
2(0-8)
2(0-8)

1.1(0.1-5)
28(0.1-5)

0(0-1)
0(0-1)

2/4/2
2/4/2

20,08 (17.1-84.7/21.2
(16.5-34.4)

21.1(14.2-33.1/19.8
(16.7-35.3)

5.6(5.3-7.4)
6.0(4.9-9.5)

0(-2t01)
1.25(-25102)

4.4(3.2-23.72) 0045
6.1(38-19.8)

11.5 (2-64) 0.047
1.5 (1-135)

14.4(0.8-439.9)





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Iron Rims in Patients With Multiple Sclerosis as Neurodegenerative Marker? A 7-Tesla Magnetic Resonance Study



		Introduction



		Patients and Methods



		Patients



		Methods



		MRI Acquisition and Processing



		Lesion Identification and Quantification



		Measurement of Lateral Ventricles and Subcortical Volumes



		Analysis of Serum Neurofilament Light Chain Concentrations



		Neuropsychological Examination



		Statistical Analysis













		Results



		Patients With IRLs Show More FLAIR Lesions



		Patients With IRLs Show Thalamic Atrophy



		Serum NfL Concentrations Are Higher in Patients With IRLs



		Serum NfL Concentrations Correlate With Neuropsychological Impairment in IRL and Non-IRL Patients



		Patients With IRLs and Non-IRLs Do Not Differ Significantly in Change in Neuropsychological Performance After 1 Year







		Discussion



		Patients With IRLs Show More FLAIR Lesions



		Patients With IRLs Show Thalamic Atrophy



		Serum NfL Concentrations Are Higher in IRL Patients



		Patients With IRLs and Non-IRLs Do Not Differ in Neuropsychological Performance Within 1 Year







		Limitations



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Iron Rims in Patients With Multiple
Sclerosis as Neurodegenerative
Marker? A 7-Tesla Magnetic
Resonance Study





OPS/images/fneur-12-632749-g001.gif





OPS/images/fneur-12-632749-g002.gif
vy sy









OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





