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Introduction
Multiple sclerosis (MS) is one of the leading causes 
of disability in young adults.1 Given the availability 
of multiple disease-modifying therapies (DMTs) and 
different approaches to MS treatment, there is a need 
to predict long-term disability.2 Neurologists fre-
quently select DMT based on the presence of prog-
nostic factors.3 Yet, there are still few prognostic 
markers that can be easily used in a routine clinical 
setting.4

Iron accumulation at the edge of white matter lesions 
(WMLs) represent an emerging imaging biomarker 
that reflects iron-laden microglia and macrophages 
present in perilesional chronic inflammation.5–9 Iron 
rim lesions (IRLs) are associated with remyelination 
failure and subsequent axonal loss. They appear as 
hypointense, ring-like structures on 7 T or 3 T magnetic 

resonance imaging (MRI) susceptibility imaging 
sequences.10,11

MRI7 and neuropathological10,12 studies have reported 
that IRLs are present in more than half of MS patients 
and have been associated with clinical disability. It 
has been speculated that IRLs could serve as an imag-
ing biomarker to predict future physical disability in 
MS.13,14 Two recent studies reported that patients with 
IRLs had more aggressive disease course but their 
conclusions are tempered by either their sample size 
or follow-up duration.13,15

In this large retrospective study, we aim to evaluate the 
association of IRLs on 7 T SWI-filtered phase images9 
with clinical outcomes after a long clinical follow-up. 
Specifically, we aim to explore (1) whether the pres-
ence and number of IRL on an MRI scan is a predictor 
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of worse clinical disability, (2) IRL presence in differ-
ent MS disease phenotypes and (3) the association 
between IRL number and WML count and volume.

Materials and methods

Clinical cohort
Between August 2008 and July 2013, 156 patients 
with neuroinflammatory conditions were recruited 
from the outpatient neurology clinic at the Queen’s 
Medical Centre in Nottingham to participate in ultra-
high field MRI research studies.

Inclusion criteria used in this longitudinal clinical 
follow-up were aged 18 years or older, diagnosis of 
clinically isolated syndrome (CIS) or MS according 

to the revised McDonald criteria,16,17 up-to-date 
clinical records and the availability of 7 T MRI scan 
including SWI (Figure 1). CIS and MS patients were 
included independently of their MRI findings. Patient 
demographics and clinical characteristics were col-
lected by the research MS team (experienced MS 
neurologists and their MS fellows) at the time of their 
7 T MRI scan: age, sex, disease duration, treatment 
duration, disease subtype and Expanded Disability 
Status Scale (EDSS).18 The Age-related Multiple 
Sclerosis Severity Score (ARMSS)19 was calculated. 
The latest clinical follow-up data were collected from 
hospital records in July 2021 to assess disability 
change. All studies contributing data to this longitudi-
nal clinical follow-up received local ethics committee 
approvals, and all participants consented to have their 
clinical records reviewed.

Figure 1. Flowchart summarises the study selection.
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MRI acquisition
MRI scans were performed on a 7 T MRI scanner 
(Philips Medical Systems, The Netherlands). We used 
T1-TFE (IR-TFE) sequence (also known as MPRAGE) 
and 3D-FFE (3D-FLASH). High-resolution MPRAGE 
images were acquired with a tailored inversion 
pulse to reduce the effects of B1 inhomogeneity20 
(TI = 1070 ms, FA = 8°, TE/TR = 7/15 ms for a total of 
280 slices at a resolution 60 of 0.5 ′ 0.5 ′ 0.5 mm3 iso-
tropic, for a total FOV of 205 ′ 215 ′ 140 mm and acqui-
sition time of 11 minutes). 3D T2* weighted EPI 
images were acquired with a 3D FLASH-T2* weighted 
spoiled Gradient Echo sequence (TR/TE = 150/20 ms, 
flip angle = 14°, FOV of 216 × 216 × 85 mm, with a 
resolution of 0.5 × 0.5 × 0.5 mm3 and acquisition time 
of 9 minutes). Both magnitude and phase were saved, 
and the SWI-filtered phase images were reconstructed 
off-line using a high-pass filter as described in this 
study.9

Lesion identification
For each patient, the number and volume of WML21,22 
were detected on T1 (MPRAGE) sequence. Previous 
work identified the superior sensitivity of 7 T 
MPRAGE in detecting MS WML compared to 3 T 
FLAIR MRI.23 The total lesion volume was recorded 

in mm3. After two-stage training by a neuroradiolo-
gist with MS experience, A.I.A. used the SWI-filtered 
phase images for rim detection. Inter-rater reproduci-
bility was calculated on 10 random scans. A rim posi-
tive lesion (IRL+) was defined as a hypointense rim 
that surrounds more than 50% of the lesion margin 
and visible on at least three slices24,25 (Figure 2). Total 
IRLs number and volume were calculated for each 
participant. ITK-SNAP26 was used for image analy-
sis, detecting lesions and manually calculating the 
volumes. First, T1 (MPRAGE) images were reviewed 
to detect and calculate the total volume of WML. 
Then, each lesion was individually checked for IRL 
presence on SWI images. The presence of rims was 
checked twice, by displaying two windows of SWI 
and T1 images side by side and by co-registering/
overlapping the two images, to check for co-registra-
tion errors. Manual segmentation of the IRL was then 
performed to calculate the volume using the polygon 
feature. The IRLs were manually segmented in all the 
slices that the rim was visible. The volume of each 
rim lesion was then calculated.

Statistical analysis
Statistical analysis was performed using Jamovi 
(Version 1.6) and SPSS software package (version 

Figure 2. (a) Typical appearance of two lesions with rims on SWI-filtered phase image corresponding with  
(b) T1-weighted (MPRAGE). Enlarged images of the lesions indicated using the white arrows from different patients are 
shown in the black box with the characteristic hypointense rim surrounding most of the lesion.
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27.0). Reported summary statistics include means, 
odds ratios and relative risks along with associated 
95% confidence intervals (CIs). Shapiro tests and 
visual inspection of histograms were used to assess 
normality of the variables. The association between 
IRLs presence and disability was initially assessed 
using Spearman’s rank correlation coefficient. 
Disease subtypes and IRLs presence and number 
were assessed with paired-sample t-test. The associa-
tion between the presence and number of IRLs and 
disability (EDSS/ARMSS) was assessed using linear 
regression. In line with a previous IRLs study,13 we 
classified all patients into three groups based on the 
number of IRLs (0, 1–3 and ⩾4) to test their associa-
tion with disability using linear regression. Receiver 
operating characteristic (ROC) analysis was used to 
assess, for a given IRLs threshold, the sensitivity and 
specificity to classify two patient groups: either an 
increase in or a decrease or unchanged ARMSS at 
follow-up. We calculated the change in ARMSS from 
baseline to follow-up and dichotomised patients into 
two groups; those with positive change (ARMSS at 
follow-up was greater than baseline) and those with 
negative or stable change (ARMSS at follow-up was 
either lower or the same as baseline).

Unpaired test variables were assessed using Wilcoxon 
test, since most of the variables were non-normally 
distributed. Mediation analysis is a method used to 
explain the process by which one variable affects 
another.27 A bootstrapping of 5000 samples was per-
formed to explore whether IRLs number or WML 
number/volume has a greater direct effect on long-
term disability. Statistical significance was set at 
p < 0.05. Intraclass correlation coefficient (ICC) was 
used to assess reliability for IRLs detections in 10 ran-
domly selected scans.

Results

Clinical cohort and IRLs
Of 156 patients with neuroinflammatory conditions 
scanned on 7 T MRI, data from 91 CIS and MS 
patients met the study inclusion criteria. Patients had 
a median of 7 years (IQR 2–15) from disease onset to 
the MRI scan; the median clinical follow-up after the 
MRI scan was 9 years (IQR 7–10). Nine percent of the 
1468 WMLs had IR. Eighteen CIS patients had MS 
diagnosis at follow-up. Sex and age did not appear to 
affect the presence of IR. Study cohort demographic 
and clinical characteristics are presented in Table 1. 
Forty-nine patients (53.8%) had no rims (IRL–), 27 
(29.6%) had one to three rims and 15 (16.4%) had 
four or more rims (Table 2, Figure 3). IRL+ patients 

had a median number of two IRLs (IQR 1–4). The 
intra- and inter-rater agreement was ICC = 0.95 and 
0.81, respectively.

Association between IRLs and disease phenotype/
evolution
The presence of IRLs was affected by disease sub-
type. A higher proportion of patients with secondary 
progressive multiple sclerosis (SPMS) had at least 1 
IRL (Table 1), SPMS patients also had more rims per 
patient compared to all the other disease subtypes 
(p = 0.007). Development of relapsing remitting mul-
tiple sclerosis (RRMS)/SPMS was not affected by the 
presence of IRLs in those with an initial diagnosis of 
CIS (9/11 vs 9/11; a risk ratio of 1). IRL+ RRMS 
patients had a higher rate of progression to SPMS dur-
ing the follow-up period compared to IRL– (7/13 vs 
7/21), giving a risk ratio of 1.6 (95% CI, 0.74–3.55). 
Both at baseline and follow-up, the ARMSS (and 
EDSS) were higher in IRL+ patients (Figure 4).

Association between clinical disability and the 
number of IRLs
The number of IRLs correlated with the baseline 
ARMSS (p < 0.006) even when accounting for total 
WML volume (p < 0.04). Similarly, it correlated with 
current ARMSS (p < 0.003). However, due to the 
high correlation between IRLs and WML number 
(r = 0.58) and volume (r = 0.48), they were not mod-
elled in the same regression analysis. Therefore, 
mediation analysis was performed and showed that 
the direct effect of IRLs number on current ARMSS 
was greater (63%) than lesion count (0.23 (bootstrap 
CI, 0.007–0.46)) and even greater (77%) than lesion 
volume (0.30 (bootstrap CI, 0.10–0.09)).

Patients with ⩾4 IRLs had higher ARMSS at baseline 
(5.9) and follow-up (8.1) compared to those with <4 
IRLs with ARMSS at baseline (5.4) and (6.7) at fol-
low-up (Figure 5). Therefore, to explore whether it 
was a better prediction of disease progression in 
patients with ⩾4 IRLs, ROC analysis showed that a 
threshold of ⩾4 IRLs has a high specificity (95%) but 
showed low sensitivity (12%) to the rate of progres-
sion. The area under the curve (AUC) was 0.66 
(p < 0.05) demonstrating poor prognostic accuracy 
(Figure 6). Thresholds lower than 4 IRL (not reported 
here) were less useful.

IRLs and DMTs
IRLs were present despite prior treatment with DMT 
(copaxone, beta interferon and natalizumab). The 
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odds of being IRL+/IRL– among previously treated 
patients was 16/26 and 12/37 in untreated patients, 
giving an odds ratio of 1.9 (95% CI, 0.77–4.67); the 
mean DMT duration prior to scanning was 16.8 months 
(SD = 32.8). Only two patients were treated with mon-
oclonal antibody therapy (both natalizumab) prior to 
the scanning (both IRL+). The mean DMT duration 
prior to scanning and clinical follow-up was 22.2 (SD 
35.4) months; RRMS was 54.7 (SD = 51.2) and SPMS 
21.3 (SD = 36.6) months.

Discussion
The role chronic active inflammation, reflected in the 
presence of IRLs in this study, plays in determining 
disability in MS patients has been a topic of interest in 
recent years.

In this retrospective study, we explored the associa-
tion between the presence and number of IRLs on 7 T 
MRI with clinical outcomes, over a follow-up period 
of up to 12 years. We found that the presence of IRLs 
was associated with worsened clinical disability in a 
cohort of 91 patients, particularly if patients had 
more than four IRLs at their MRI scan, supporting 
the notion of unfavourable prognosis associated with 
IRLs presence.13–15

In line with others, at least one IRL was detected in 
almost half of our patients,7,28 and IRLs were more 
prevalent in SPMS patients compared to CIS and all 
other MS subtypes.7,10,15,29–32

We found patients with IRLs had a more aggressive 
disease (greater WML number and volume, higher 

Figure 3. Histogram illustrating the number of iron rim lesions. Lesions were classified into three groups based on rim 
presence.

Table 2. Cohort characteristics and their lesion analysis at baseline scan.

Characteristic IRL– 1–3 IRL+ ⩾4 IRL+

No. (%) 49 (53.8%) 27 (29.6%) 15 (16.4%)

Sex, F, n (%) 29 (58%) 18 (66.7%) 10 (66.7%)

Age, y 40 (18–65) 40 (21–75) 48 (23–64)

EDSS 3 (0–7) 2.5 (0–6.5) 6 (0–7)

ARMSS 6.5 (0.30–9.30) 4.9 (0.7–8.86) 8.1 (0.30–9.30)

Disease duration, y 5 (0–32) 6 (0–28) 9 (2–40)

Total rim lesion volume mm3, n NA 6550 8115
Total lesion volume mm3, n 37,279 44,307 53,593

IRL: iron rim lesion positive; EDSS: Expanded Disability Status Scale; ARMSS: Age-related Multiple Sclerosis Severity Score; 
NA: not applicable.
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disability scores at baseline and follow-up), corrobo-
rating findings from earlier studies.12,13,15 The contri-
bution of our longer clinical follow-up study of 9 years 
validates the previously reported association of IRLs 
presence and long-term disability. We report patients 
with at least one rim lesion had higher disability18 
and MS severity (accounting for patient age (global 
ARMSS)),16 comparable to two recent studies, 
Blindenbacher et al.31 followed-up 66 CIS and MS 
patients for a median of 2.9 years and Dal-Bianco 
et al.15 who follwed-up 8 MS patients for 7 years.

Although as a group, patients with IRLS do worse, we 
have found that the presence of one IRL does not 
appear to be sensitive in detecting patients with the 
worse outcome. In line with a recent report,15 we 
found that patients with ⩾4 IRLs had the worst disa-
bility scores, with high specificity.

As on average 9% of WM lesions have IR, we tested 
if identifying IRLs had an advantage over assessing 
the total WML load (count or volumes) in determin-
ing clinical disability. Previous studies did not explic-
itly account for this in their analysis. We performed 
mediation analysis and found that the number of IRLs 
had the most direct effect on disability compared to 
WML count and volume, supporting its role as an 
independent prognostic imaging biomarker.

Detecting and counting IRLs are much easier than 
assessing all WML in clinical settings. We have found 
IRLs present in DMT treated and untreated patients. 
We have to treat this observation very cautiously as 
the duration of DMT treatment was only 17 months 
and most patients were treated with first line agents. 
Although IRLs number was higher in patients ever 
treated with DMTs, this might also be reflected by the 
number/volume of WMLs, as patients with more 
extensive diseases are more likely to be treated. It 
remains to be seen whether long-term use of DMTs or 
higher effectiveness DMTs influence IRLs and more 
importantly whether long-term clinical disability can 
be mediated through IRLs.

We have found that iron-sensitive MRI may become 
an additional tool for monitoring and predicting dis-
ease progression, above what can be achieved through 
the study of gadolinium-enhanced lesions and brain 
atrophy alone.15

Limitations and future direction
This study has limitations that include the exclusion 
of a large subset of patients due to the lack of clinical 
follow-up data. Also due to the retrospective study 
design, we were not able to accurately record all 

Figure 4. ARMSS at baseline and current clinical follow-up in patients with and without IRL. The median baseline 
ARMSS of the whole cohort was 5.4 (IQR 2.8–7.6). Patients with at least one IRL had a higher baseline ARMSS  
(6.7; IQR 3.1–8.1) compared to those without IRL (5.0; IQR 2.2–6.5).
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previous DMT data. Detecting IRLs on brain MRI is 
subjective and requires clear guidelines on manual 
assessment or automatic algorithms before these find-
ings can be translated to clinical practice.

Our results support the need for (1) prospective stud-
ies using IRLs as a prognostic imaging biomarker in 
MS, (2) longitudinal studies to capture the long-term 
IRLs evolution, (3) study of the association between 
IRLs presence and disease progression in the spinal 
cord, (4) clinical trials to assess to what extent IRLs 
can practically contribute to monitoring disease pro-
gression and (5) validation of our results using 3 T 
clinical scanners as 7 T MRI is still limited to tertiary 
MS research centres.

Conclusion
The presence and number of IRLs at MRI scan, espe-
cially the presence of ⩾4 rims, hold prognostic value 
for long-term clinical disability in MS. The effect of 
IRLs on disability was greater than WML number or 
volume. This supports the role of IRLs as an imaging 
biomarker for disease severity, which could be easily 
implemented in clinical practice.
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