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Abstract

BACKGROUND AND PURPOSE—Postmortem studies in multiple sclerosis (MS) indicate that 

in some white matter lesions (WM-Ls), iron is detectable with T2*-weighted (T2*-w), and its 

reciprocal R2* relaxation rate, magnetic resonance imaging (MRI) at 7.0 Tesla (7T). This iron 

appears as a hyperintense rim in R2* images surrounding a hypointense core. We describe how 

this observation relates to clinical/radiological characteristics of patients, in vivo.

METHODS—We imaged 16 MS patients using 3T and 7T scanners. WM-Ls were identified on 

T1-w/T2-w 3T-MRIs. Thereafter, WM-Ls with a rim of elevated R2* at 7T were counted and 

compared to their appearance on conventional MRIs.

RESULTS—We counted 36 WM-Ls presenting a rim of elevated R2* in 10 patients. Twenty-three 

(64%) lesions coincided with focal WM-Ls on T2-w MRIs; 13 (36%) coincided with only portions 

of larger lesions on T2-w images; and 20 (56%) corresponded to a hypointense chronic black hole. 

WM-Ls presenting a rim of elevated R2* were seen in both relapsing-remitting patients with low 

disability and in those with long-standing secondary progressive MS.

CONCLUSIONS—WM-Ls with a contour of high R2* are present at different MS stages, 

potentially representing differences in the contribution of iron in MS disease evolution.
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Introduction

Several distinct pathological processes subtend the formation of white matter lesions (WM-

Ls) in patients with multiple sclerosis (MS).1 While this pathological heterogeneity has been 
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partially identified postmortem with histology studies,1 its in vivo characterization with 

imaging remains limited. The identification of such pathological heterogeneity in vivo could 

help understand: (1) the mechanisms of disease occurrence and evolution, (2) the basis of 

patient disability and its degree of reversibility, and (3) medication effect.

The increased magnetic susceptibility contrast achievable with magnetic resonance imaging 

(MRI) at 7.0 Tesla (7T) provides an opportunity to further characterize WM-L pathology in 

MS. Recent combined imaging and pathological postmortem studies demonstrated that T2*-

weighted (T2*-w) multigradient-echo (ME-GRE) MRI at 7T makes it possible to study iron 

concentration in brain tissue of: (1) human donors who died without neurological 

illnesses,2–4 (2) patients with MS,5–7 and (3) patients who died with non-MS-related 

neurological conditions.8,9 Tracking iron in MS is promising because it has the potential to 

disclose the presence of pathological markers. Microglia in different stages is one of these 

pathological markers.5–7,10

Postmortem imaging studies of MS using T2*-w 7T MRI and its reciprocal R2* relaxation 

rate (R2* = 1/T2*) showed that some WM-Ls and gray matter cortical lesions 

characteristically present with a rim partly or entirely accentuated by increased R2* 

surrounding a core of relatively low R2*.5–7 Histopathological analyses have demonstrated 

that this rim enhancement may reflect the presence of iron trapped within activated 

microglia.5–7 There is evidence that this iron may be also associated with dystrophic 

(senescent) microglia, hence representing a different phase of the disease.10

However, it remains unknown how the presence of WM-Ls surrounded by a rim of increased 

signal on R2* relates to clinical features of MS patients. It has never been investigated when 

these types of WM-Ls become visible during the time course of the disease and how they 

relate to its severity and progression measured by other imaging and clinical metrics.

In this study, we conducted a series of MRIs at both 3T and 7T in 16 patients with MS. The 

presence or absence of WM-Ls surrounded by a rim of increased R2* was assessed. Once 

these lesions were identified on R2* images, their characterization in relation to WM-Ls 

seen in T2-w fast spin echo (FSE), then T2-w fluid attenuated inversion recovery (FLAIR) 

images, T1-w pre- and postcontrast SE images, and cerebrospinal fluid tissue-specific 

images (CSF-TSI)11–13 was investigated. CSF-TSI allows visualization of WM-Ls with MRI 

characteristics suggestive of the presence of CSF-like fluid, and representing lesions with 

extensive tissue destruction.12,13 Clinical characteristics of patients in relation to presence of 

WM-Ls with a hyperintense rim on R2* images were also analyzed.

Materials and Methods

Study Design and Subjects

The study was performed at the National Institute of Neurological Disorders and Stroke 

(NINDS), NIH, Bethesda, MD, USA. The Institutional Research Board of the NINDS 

approved the study (NINDS No. 06-N-154), and each subject provided informed written 

consent prior to participation. Figure 1 depicts the study design. We included 16 consecutive 

patients with clinically definite MS14 and 10 sex- and age-matched healthy volunteers. We 
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previously reported the study inclusion and exclusion criteria.15 Each person underwent a 3T 

MRI (MRI-1) and a 7T MRI (MRI-2) scan obtained 2 weeks apart. In patients only, when a 

contrast-enhancing lesion (CEL) was noted on MRI-1, postcontrast sequences were obtained 

at the MRI-2.

The 2-week interval was chosen on the basis of magnet time availability and patients’ 

schedules. Clearly, some disease progression could have occurred in between scans, but we 

reasoned that such a progression would not affect the type of analysis we were performing 

with our work. In patients presenting CELs on MRI-1 and/or MRI-2, the 7T scan, inclusive 

of pre- and post-contrast sequences was repeated 1 month later (MRI-3). On the same day of 

either MRI-1 or MRI-2, each patient underwent a clinical evaluation, to assess the expanded 

disability status scale (EDSS) score.16

Upon imaging, 1 patient presented no brain lesions on conventional MRI at 3T. Evidence of 

disease in this patient was present in the spinal cord (data not shown). Brain R2* MRI at 7T 

did not show any focal abnormalities either. This patient was therefore removed from 

subsequent analyses. Table 1 displays demographic, clinical, and imaging characteristics of 

the 15 patients included in the analysis.

Image Acquisition and Reconstruction

The 3T MRIs were acquired using a General Electric magnet (GE Medical Systems, 

Milwaukee, WI, USA) equipped with an 8-channel receive-only head array. Pre- and 

postcontrast T1-w SE images, noncontrast T2-w FSE, T2-w FLAIR, and 3-dimensional 

magnetization prepared rapid gradient echo (MP-RAGE)-based T1-w and CSF-TSI were 

acquired as previously detailed.11,13,17

The 7T MRIs were acquired using a whole body GE Signa 7 T MRI scanner (GE Medical 

Systems) with a 32-channel detector array (Nova Medical, Wilmington, MA, USA). To 

improve temporal signal stability and compensate for respiration-induced magnetic field 

changes in the brain,18 a real-time modulation of B0 shims (second-order) was carried out. 

The scanning protocol included 2-dimensional T2*-w ME-GRE images with 0.31 mm × 

0.31 mm2 in plane resolution, slice thickness = 0.8 mm, slice space = 0.2 mm, repetition 

time = 2,000 ms, flip angle = 75°, echo times (TEs) = 15.5, 30.0, and 44.5 ms, and 

bandwidth = 62.5 kHz. Quantitative R2* and phase maps were then generated by analyzing 

the signal decay as a function of TE. Details on image acquisition and reconstruction of data 

were previously described.15 A 3-dimensional T1-w MP-RAGE image was also acquired 

with 1 mm3 isotropic resolution, flip angle = 9°, TE = 2.8 ms, TR = 5.9 ms, Inversion Time 

= 1,200 ms, bandwidth = 32 kHz, and 11 minute acquisition time.

In patients previously noted to have CELs on MRI-1 at 3T, the entire 7T protocol was 

acquired twice, before and after the injection of Gd-DTPA. In these cases, the T1-w 3-

dimensional MP-RAGE was acquired 5 and 40 minutes after the contrast injection. 

Additionally, these patients underwent two 7T MRIs (MRI-2 and MRI-3) obtained a month 

apart.
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Image Postprocessing and Analysis

Image registration—In each patient, 3T images, ie, T1-w SE, T2-w FSE, and T2-w 

FLAIR images were registered to the 7T GRE magnitude image using a coregistration 

algorithm implemented in the statistical parametric mapping software package (SPM8, 

Wellcome Trust Centre for Neuroimaging, London, UK). The registration involved the 

following steps. First, the 3T T1-w SE and T2-w FLAIR images were registered to the 3T 

T2-w SE image. Second, the 3T T2-w FSE image was registered to the corresponding 7T 

GRE magnitude image. Third, the translation-rotation matrix obtained in the second step 

was applied to the images resulting from the first step to generate the final registered image 

data sets. The 7T R2* and phase images were inherently coregistered to the magnitude 

image and thus needed no additional registration. In this way, all the corresponding 3T and 

7T images in the same patient were registered. Careful visual inspection was performed after 

every registration step to ensure successful registration.

CSF-TSI were registered to the same space using the registered FLAIR images as reference. 

First, white and gray matter TSI images were combined and aligned to FLAIR using an 

affine transform with 9 degrees of freedom. The obtained transformation matrix was used to 

register the CSF-TSI image to the T2-w FLAIR.

Brain parenchymal fraction (BPF)—BPF was measured with the structural imaging 

evaluation of normalized atrophy (SIENAx) software19 using the 3- dimensional MP-RAGE 

images obtained at 3T.

WM-Ls identification—WM-Ls were identified on T2-w FSE and T2-w FLAIR images, 

and T1-w images obtained before and after Gadolinium injection and on CSF-TSIs.

CELs were identified on postcontrast T1-w MRIs;20 ring CELs were defined as presenting a 

ring-shaped enhancement in at least 1 MRI slice when appearing on multiple slices.20 On 

T1-w SE images obtained before the Gd injection, chronic black holes (cBHs) were defined 

as any hypointense region corresponding to a hyperintense lesion in T2-w FSE image, in the 

absence of acute enhancement;21 on T2-w images, lesions were defined in accordance with 

the Fazekas criteria;22 on CSF-TSI, lesions were defined as hyperintense area on CSF-TSI 

corresponding to a cBH on T1-w SE images.12,13

CELs, cBHs, T2-lesions, and CSF-TSI-lesions were identified by the agreement of 2 

investigators (FB and NR for CELs, FB and BY for cBHs and T2-lesions, and FB and VNI 

for CSF-TSI-lesions). Two investigators (FB and BY) identified WM-Ls with hyperintense 

partial or complete rim surrounding a hypointense core on R2* images.

Results

WM-Ls Surrounded by a Rim of Elevated R2*

No WM-Ls with increased signal changes in R2* were seen in the images of any of the 

healthy subjects. Thirty-six WM-Ls with increased rim signal in R2* were identified in 10 

(67%) patients. None of these 36 lesions corresponded to a CEL on conventional MRI.
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Clinical Features of Patients with WM-Ls Surrounded by a Rim of Elevated R2*

Tables 2 and 3 depict the demographic, clinical, and imaging characteristics of each of the 

10 patients presenting WM-Ls contoured by increased signal in R2*. Due to the small 

number of patients in each group, (ie, 10 patients had WMLs contoured by increased signal 

in R2* and 6 did not) no formal statistics were performed. Results are provided in a 

descriptive manner. As seen in Table 2, WM-Ls with increased rim signal changes in R2* 

were seen either in patients at the early stage of MS and with a low level of disability 

accumulation or in those with longstanding and advanced secondary progressive MS. 

Similarly, when looking at the imaging metrics of disease progression on conventional scans 

reported in Table 3, we observed that WM-Ls with a rim of elevated R2* were present in 

patients with a small lesion volume in T2-w images and virtually no cBHs or CSF-TSI 

lesions as well as in those patients with larger disease burden in T1-w, T2-w, and CSF-TSI or 

a relatively advanced brain loss.

Radiological Features of WM-Ls Surrounded by a Rim of Elevated R2* Displays 2 Main 
Patterns

Twenty-three (64%) WM-Ls contoured by increased R2* entirely coincided with focal WM-

Ls in conventional T2-w SE and T2-w FLAIR MRI. Figure 2 shows an example of such a 

lesion type. The lesion is visible in the magnitude image (Fig 2A). In R2* the lesion shows 

an incomplete bright rim (Fig 2B) which in this case corresponded to a dark signal in the 

phase map (Fig 2C). The lesion entirely coincided with a WM-L in conventional T2 w 

images (Figs 2D, 2E) and cBH in T1-w SE image (Fig 2F).

WM-Ls contoured by increased R2* appeared to be only a small portion of larger confluent 

lesions in T2-w SE and T2-w FLAIR images in 13 (36%) WM-Ls. Figure 3 shows an 

example of such lesion type. In this example a rim WM-L was seen in magnitude (Fig 3A) 

and R2* images (Fig 3B). Portions of the rim with elevated R2* was visible in the phase 

images (Fig 3C). The rim of increased R2* surrounded a central core of decreased R2*. This 

core was only part of a larger lesion on T2-w SE images and T2-w FLAIR (Figs 3D, 3E), but 

coincided with a cBH in both T2-w FLAIR and T1-w SE images (Figs 3E, 3F).

Overall, 20 (56%) WM-Ls contoured by increased R2* were associated with the presence of 

a cBH and 9 (25%) were associated with the presence of a lesion on CSF-TSI.

Separate Analysis of CELs and WM-Ls with Rim of Elevated R2*

CELs were seen only in 1 patient. In this patient, we initially observed an active lesion 

(CEL-1) in the first scan at 3T (MRI-1; image not shown). Postcontrast scans were therefore 

obtained with the 7T MRI (MRI-2). Five minutes after contrast injection, this CEL presented 

a patchy enhancement (Fig 4A). This patchy enhancement became more uniformly 

distributed in a nodular fashion in the T1-w MPRAGE obtained 40 minutes postcontrast 

injection (Fig 4B). The R2* and phase maps obtained at the same time, showed the central 

core of the enhancing lesion to have decreased R2* (Fig 4C) and paramagnetic phase shift 

(Fig 4D). The CEL was no longer enhancing in the follow-up 7T scan (MRI-3) obtained a 

month apart (image not shown). No clear signal alterations ascribable to the prior presence 

of that CEL could be unambiguously identified in the R2* map MRI-3 (Fig 4E). Transient 
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increased R2* signal was seen in the vicinity of the lesion. A residual smaller area with 

paramagnetic phase shift was visible in the phase map (Fig 4F), possibly indicating 

demyelination.

In the follow-up 7T MRI scan (MRI-3), a new CEL (CEL-2) was identified. This CEL 

presented a ring-enhancing pattern in the T1-w MPRAGE obtained 5 minutes (Fig 4G) and 

40 minutes postcontrast injection (Fig 4H). The ring-enhancing contour coincided with a rim 

of elevated R2* (Fig 4I) and a paramagnetic phase shift (Fig 4L). None of these signal 

alterations were clearly and unambiguously present prior to the enhancement as shown in 

the MRI obtained a month before its occurrence in Figure 4M and 4N.

Discussion

The results of our work suggest that WM-Ls surrounded by a rim of elevated R2*, 

tentatively attributed to increased iron deposition, may be present at various stages of MS. 

Although seen in a small cohort of 10 cases, these patients presented heterogeneous disease 

characteristics. Some of them only had a few years of relapsing-remitting MS and 

demonstrated low level of physical disability; others were in the stage of advanced and long-

standing secondary progressive MS. The heterogeneity of our clinical findings is paralleled 

by the heterogeneity of the radiological evidence, which showed a high degree of the 

diversity in appearance of WM-Ls contoured by increased R2* in conventional MRI 

sequences.

Our study cohort was mainly formed by patients with non active disease by MRI. Therefore, 

we mostly report data on how WM-Ls surrounded by a rim of elevated R2* relate to chronic 

lesions on T1-w and T2-w sequences. In this setting, the majority of WM-Ls surrounded by a 

rim of elevated R2* entirely coincided with focal nonactive lesions in T2-w FSE and FLAIR 

MRIs. About a third of WM-Ls with a rim of increased R2* were instead only a portion of a 

larger lesion in T2-w images. A subset of WM-Ls contoured by increased R2* also coincided 

with the presence of pathologically more severe lesions such as cBHs on T1-w MRI and 

lesions in CSF-TSI.

Several possible explanations, not necessarily mutually exclusive, may be inferred from our 

findings. First, one may argue that this in vivo pattern of WM-Ls contoured by increased 

R2* closely resembles the one observed in our previously reported postmortem work.5 In 

that setting, the core of chronic WM-Ls showed a relatively low R2* and corresponded to 

areas of absent myelin and low or absent iron. Increased R2* around the demyelinated core 

of these WM-Ls almost invariably matched with iron and ferritin accumulation. Such an 

accumulation was seen in conjunction with high CD68 immunoreactivity expressed in cells 

the morphology of which, ie, branched and bipolar, appeared to be that of activated 

microglia.5 This type of pathological pattern is the hallmark of slowly expanding lesions.23 

Second, it must be considered that also degradation of dystrophic microglia at MS lesions’ 

edge may lead to a wave of accelerated iron release. This iron may in turn accumulate within 

other microglia, astrocytes, or axons. If not properly eliminated, it will eventually lead to 

neurodegeneration.24,25 The contour of elevated R2* may still testify the presence of iron 

within microglia. However, rather than continuous expanding lesional activity, it may 
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represent the attempt of the microglia to eliminate toxic liberated iron, which would 

otherwise induce oxidative stress.25 Clearly, the ultimate and unambiguous explanation of 

our results would require biopsy and histopathology of one of these lesions in the brain of 

MS patients in vivo. Demonstrating lesion expansion or stability over time on a lesion-by-

lesion basis by longitudinal in vivo MRIs would be another way to establish the presence of 

slowly expanding activity.

As only a low number (n = 2) of CELs (ie, lesions classically regarded as acute) was found, 

only very preliminary and tentative interpretation can be speculated. One of these CELs 

appeared as nodular CEL in T1-w postcontrast MRI. The enhancing core of this active lesion 

exhibited a decrease in R2* and paramagnetic phase shift. The initial increase in R2* 

surrounding the core of the lesion may reflect the presence of iron associated with severe 

blood brain barrier damage during the active phase of lesion formation, leading to iron 

liberation from destroyed oligodendrocytes.10 A second CEL presented as ring CEL. The 

ring-enhancing contour seen in T1-w postcontrast images upon early (ie, 5 minutes) and 

delay (ie, 40 minutes) acquisition coincided with a ring of increased R2* and paramagnetic 

phase shift. Such signal changes were likely not visible in the R2* and phase maps obtained 

a month earlier, indicating that they were for the most part temporally coincident with the 

onset time of contrast uptake. Our findings seem to demonstrate that at least in our case, the 

ring enhancement may indeed correspond to a ring of iron accumulation. Of note, however, 

the R2* image obtained a month prior showed trace of hyperintense signal in the lesion area. 

Although possibly artifactual, this hyperintensity may signify subtle iron deposits associated 

with an early blood brain barrier disruption. Blood brain barrier breakdown and some 

inflammation is indeed known to occur some time prior to manifestation of a CEL.26,27

In interpreting our results on both chronic and active WM-Ls, one should also bear in mind 

that iron deposition is only 1 factor among several that could generate increased signal in 

R2* maps.15,28–30 Increased myelin content due to remyelination may affect changes in R2* 

via 2 mechanisms. First, remyelinating oligodendrocytes are known to have an elevated 

content of iron.31 Second, differences in architectural organization in local regions with 

undergoing remyelination are also known to be another potential source of signal change in 

R2* images.15,28–30 Fiber bundles orientation to the MRI magnetic field (B0)31 is also a 

contributor of R2* changes, although likely minor in our case, where lesions were spatially 

disseminated.

In conclusion, our current results, although derived from a small cohort of patients, provide a 

respectable in vivo evidence of the heterogeneity of the pathological processes the contour 

of elevated R2* may represent in MS. Studies in larger cohorts of patients are warranted to 

provide more insight into our preliminary demonstration.
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Fig. 1. 
Study design. Each person underwent a 3T (MRI-1) and a 7T MRI (MRI-2) scan obtained 2 

weeks apart. In patients only, when a CEL was noted in postcontrast imaging of MRI-1, 

postcontrast sequences were obtained at the MRI-2 7T scan. The 7T scan, inclusive of pre-

and postcontrast sequences, was also repeated a month later (MRI-3). On the same day of 

either MRI-1 or MRI-2, each patient underwent a clinical assessment to establish the EDSS 

score.

* Indicates the time when the clinical assessment was performed. See text for detailed 

explanation.
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Fig. 2. 
WM-L with a rim of increased signal in R2*. WM-L with a rim of increased signal in R2* 

(white arrow) identified in magnitude (A), R2* (B), and phase (C) map in a RRMS patient 

with 1.5 years of MS and EDSS score of 2.5 (patient-2 in Tables 2 and 3). The lesion 

entirely coincides with a focal lesion in T2-w FSE (D), T2-w FLAIR (E) image, and T1-

cBH in T1-w SE image (F) at 3T.
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Fig. 3. 
WM-L with a rim of increased signal in R2* WM-L with a rim of increased signal in R2* 

(white arrow) identified in magnitude (A), R2* (B), and phase (C) map in a SPMS patient 

with 33 years of disease and EDSS score of 6.0 (patient-5 in Tables 2 and 3). The lesion is 

only part of a larger lesion seen in T2-w FSE (D), T2-w FLAIR (E) image, and T1-w SE (F) 

image. The lesion also corresponds with a black hole on FLAIR image, indicating end-stage 

cavitation.
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Fig. 4. 
Active lesions with and without a rim of elevated R2 CEL-1 (white arrow) seen in the T1-w 

MPRAGE of MRI-1 obtained 5 minutes post-Gd injection (A) and 40 minutes post-Gd 

injection (B). The R2* and phase maps show the central core of the enhancing lesion had an 

decreased R2* (C) and a reduced phase (ie, paramagnetic shift) (D). No clear signal 

alterations ascribable to the prior presence of that CEL could be unambiguously identified in 

the R2* map of MRI-3 (E) obtained a month later when the CEL was no longer enhancing. 

Residual smaller area with a paramagnetic phase shift was visible in the phase map (F) of 

MRI-2. CEL-2 in MRI-3 is indicated with white arrow. This CEL presented with a ring-

enhancing pattern in the T1-w MPRAGE obtained 5 minutes (G) 40 minutes post-Gd 

injection (H). The ring-enhancing contour coincided with a rim of elevated R2* signal (I) 

and paramagnetic phase shift (L). Minimal signs of signal alterations corresponding to the 

presence of this lesion were present in the R2* (M) but not on the phase (N) images obtained 

a month earlier. The fainting nature of this signal may signify an artifact. One cannot, 

however, unambiguously exclude minimal brain barrier leakage and iron deposition 

associated with it. These data were derived from a patient with RRMS, 7.5 years of disease 

and EDSS score of 2.5 (patient-8 in Tables 2 and 3).
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Table 1

Demographic, Clinical and Imaging Characteristics of the Study Cohort

Patients (n = 15) Healthy Volunteers (n = 10) P-Value

Age 44.8 ± 8.8 (28–57) 44.3 ± 11.1 (22–57) .9*

Sex (female/male) 7/8 6/4 .5**

Years of MS 11.3 ± 10.1 (.3–33) N/A N/A

MS type (RR/SP) 13/2 N/A N/A

EDSS 1.5 (0–6.0) N/A N/A

T2-LV (cm3) 8.9 ± 13.1 (0–42.5) N/A N/A

cBH-LV (cm3) 3.9 ± 6.3 (0–18.4) N/A N/A

CSF-TSI-LV (cm3) 1.2 ± 2.6 (0–7.3) N/A N/A

BPF .74 ±.05 (.67–.83) N/A N/A

Data related to continuous variables are expressed in mean ± SD (minimum-maximum value), but for the expanded disability stats scale (EDSS) 
score for which median (minimum-maximum values) are provided; N/A = not applicable;

*
by unpaired t-test;

**
by x-2 test.

RR = relapsing remitting; SP = secondary progressive; T2-LV = volume of hyperintense lesions in T2-w image; cBH-LV = chronic black holes 

lesion volume; CSF-TSI-LV = volume of hyperintense lesions in cerebrospinal fluid tissue-specific imaging; BPF = brain parenchyma fraction.
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Table 3

MRI Features of Patients with WM-Ls with a Rim of Elevated R2*

T2-LV (cm3) cBH-LV (cm3) CSF-TSI-LV (cm3) BPF

Pt-1 1.1 .2 0 .83

Pt-2 3.6 2.1 .5 .86

Pt-3 6.6 3.8 .5 .69

Pt-4 .5 .4 0 .81

Pt-5 45.5 16.8 6.6 .71

Pt-6 .5 .1 0 .81

Pt-7 30.1 18.4 7.3 .67

Pt-8 11.2 2.7 .7 .75

Pt-9 8.7 3.0 Not obtained .71

Pt-10 5.5 .4 0 .71

T2-LV = volume of hyperintense lesions in T2-w image; cBH-LV = chronic black holes lesion volume; CSF-TSI-LV = volume of hyperintense 

lesions in cerebrospinal fluid tissue-specific imaging; BPF = brain parenchyma fraction.
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