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BACKGROUND. In some active multiple sclerosis (MS) lesions, a strong immune reaction at the lesion edge may contain
growth and thereby isolate the lesion from the surrounding parenchyma. Our previous studies suggest that this process
involves opening of the blood-brain barrier in capillaries at the lesion edge, seen on MRI as centripetal contrast
enhancement and a colocalized phase rim. We hypothesized that using these features to characterize early lesion
evolution will allow in vivo tracking of tissue degeneration and/or repair, thus improving the evaluation of potential
therapies for chronic active lesions.

METHODS. Centripetally and centrifugally enhancing lesions were studied in 17 patients with MS using 7-tesla MRI.
High-resolution, susceptibility-weighted, T1-weighted (before/after gadolinium), and dynamic contrast-enhanced scans
were acquired at baseline and months 1, 3, 6, and 12. For each lesion, time evolution of the phase rim, lesion volume,
and T1 hypointensity were assessed. In autopsies of 3 progressive MS cases, the histopathology of the phase rim was
determined.

RESULTS. In centripetal lesions, a phase rim colocalized with initial contrast enhancement. In 12 of 22, this phase rim
persisted after enhancement resolved. Compared with centripetal lesions with transient rim, those with [...]
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Introduction

Myelin and oligodendrocytes are the major targets of a variety
of immunological processes in multiple sclerosis (MS) (1). After
myelin injury, oligodendrocyte precursor cells are recruited to
the lesion site, where they mature, replace damaged oligoden-
drocytes, and remyelinate naked axons, thus limiting axonal
degeneration and restoring saltatory conduction (2). Despite this
potential, remyelination fails partially or completely in many MS
lesions. Reasons for remyelination failure may include impaired
oligodendrocyte precursor differentiation and maturation (3),
axo-glial interaction (4), energy homeostasis, and clearance of
cytotoxic inflammation (5-8). Among chronically demyelinated
lesions, the pathologically described chronic active and slowly
expanding (or “smoldering”) lesions (9) might be considered the
worst-case scenario of remyelination failure (10), with persis-
tent inflammatory infiltration (macrophages/microglia) and evi-
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BACKGROUND. In some active multiple sclerosis (MS) lesions, a strong immune reaction at the lesion edge may contain
growth and thereby isolate the lesion from the surrounding parenchyma. Our previous studies suggest that this process
involves opening of the blood-brain barrier in capillaries at the lesion edge, seen on MRI as centripetal contrast enhancement
and a colocalized phase rim. We hypothesized that using these features to characterize early lesion evolution will allow in vivo
tracking of tissue degeneration and/or repair, thus improving the evaluation of potential therapies for chronic active lesions.

METHODS. Centripetally and centrifugally enhancing lesions were studied in 17 patients with MS using 7-tesla MRI. High-
resolution, susceptibility-weighted, T1-weighted (before/after gadolinium), and dynamic contrast-enhanced scans were
acquired at baseline and months 1, 3, 6, and 12. For each lesion, time evolution of the phase rim, lesion volume, and T1
hypointensity were assessed. In autopsies of 3 progressive MS cases, the histopathology of the phase rim was determined.

RESULTS. In centripetal lesions, a phase rim colocalized with initial contrast enhancement. In 12 of 22, this phase rim
persisted after enhancement resolved. Compared with centripetal lesions with transient rim, those with persistent rim had
less volume shrinkage and became more T1 hypointense between months 3 and 12. No centrifugal lesions developed phase
rims at any time point. Pathologically, persistent rims corresponded to an iron-laden inflammatory myeloid cell population at

CONCLUSION. In early lesion evolution, a persistent phase rim in lesions that shrink least and become more T1 hypointense
over time suggests that the rim might mark failure of early lesion repair and/or irreversible tissue damage. In later stages of
MS, phase rim lesions continue to smolder, exerting detrimental effects on affected brain tissue.

FUNDING. The Intramural Research Program of NINDS supported this study.

dence of ongoing demyelination at the lesion edge (11). However,
in vivo, differentiation of such lesions from their “chronic inac-
tive” counterparts remains elusive, in part because, unlike active
lesions, chronic lesions do not display frank blood-brain-barrier
abnormalities detectable on MRI by leakage of gadolinium-
based contrast agents.

A novel radiological finding in a subset of chronic lesions, the
peripheral paramagnetic rim (12-17) that can be seen on magnetic
resonance susceptibility imaging (T2*-weighted magnitude and
susceptibility-weighted phase images), has been suggested to be
a potential marker of chronic active lesions (12). However, against
this hypothesis, a few short-term longitudinal MRI studies (~1-2
years) failed to demonstrate that chronic rim lesions expand over
time into the surrounding normal tissue (16, 18), although MRI
studies with longer follow-up are still needed. Furthermore, exist-
ing radiological-pathological correlation studies have not resulted
in a clear consensus on the extent to which the magnetic sus-
ceptibility-related MRI signal change in the lesion rim is caused
only by iron deposition (iron-laden macrophages, ferritin, and/
or hemosiderin deposits) (13, 14, 19, 20) or by other MS-relevant
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Assessed for eligibility
on 3T MRI scan
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Excluded (n = 488)
* Not meeting inclusion criteria (n = 482)
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7T MRI follow up:
* Baseline
* Month 1 Failed to complete follow-up (n = 2)
* Month 3 — * Declined to participate (n= 1)
* Month 6 ¢ Pregnancy (n=1)
* Month 12
Analyzed
n=17

Figure 1. Flowchart summarizing MS patients’ progress through the study.

pathological features, such as oxidative stress and disruption of
tissue microarchitecture, including demyelination.

Establishing the onset of the phase rim and the fate of lesions
with and without that feature, and interpreting such data within a
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comprehensive biological model of lesion development, are nec-
essary to elucidate the rim’s pathophysiological significance and
potential relationship with mechanisms of lesion repair. In a cross-
sectional MRI study (16), coupling susceptibility-based imaging
and dynamic contrast-enhanced (DCE) imaging at 7 tesla (77),
we showed that the rim is best appreciated on phase (rather than
T2*) images, that it may reflect the inflammatory edge (macro-
phages/microglia, their byproducts, and oxidative stress) of the
newly forming lesion, and that it colocalizes with blood-brain-bar-
rier opening in centripetally enhancing lesions (16, 21, 22). As the
phase rim is thus a potential endogenous biomarker for inflam-
mation, we further hypothesized that (a) the centripetal contrast
enhancement pattern and the related phase rim in active lesions
are necessary for subsequent development of a rim in chronic
lesions; and (b) lesions with a phase rim that persists after the
resolution of contrast enhancement are those with unsatisfactory
or delayed repair or perhaps ongoing tissue degeneration. To test
this hypothesis, in 19 MS patients, we prospectively studied cen-
trifugally (inside-out dynamic contrast leakage) and centripetally
(outside-in dynamic contrast leakage) enhancing lesions at 7T
MRI at baseline and months (M) 1, 3, 6, and 12, focusing on the
phase rim’s presence and evolution as well as on lesion volume
and T1-hypointensity changes over time. We performed explor-
atory peripheral cytokine/chemokine profiling at baseline and
M12 and compared the results with patterns of lesion evolution
(Supplemental Appendix; supplemental material available online

Table 1. Main clinical, demographic, and MRI characteristics of the MS patients

Patient Sex Age(yr) Disease Clinical EDSS Disease-modifying
duration (yr) phenotype score  therapy (baseline/Y1)
1 F 39 8 RR 1 None
2 F 49 19 SP 55 None
3 F 38 8 RR 15 Glatiramer acetate/None
4 F 60 0.2 RR 2 None
5 F 37 9 RR 25 IFN-B-1a/Natalizumab
6 F 29 0.2 RR 15 None/Glatiramer acetate
7 F 33 0.2 RR 2 None/IFN-B-1a
8 F 38 6 RR 1.5 None
9 M 33 4 RR 1 Glatiramer acetate
10 M 37 1 RR 0 None/Glatiramer acetate
n F 34 1 RR 5 None
12 F 37 19 RR 2 None
13 F 62 7 RR 15 None
14 F 58 n RR 15 Dimethyl fumarate
15 F 3 17 RR 15 None/Dimethyl fumarate
16 F 42 2 RR 15 None
17 F 37 1 RR 1.0 Glatiramer acetate
Summary
17MS  F/M  Mean Meandisease  RR/SP Median No. of untreated
patients age duration (SD) EDSS patients
(Sp) (range)
15/2 409 6.5(6.4) 16/1  15(1-5.5) 8of 17
(10.2)

No. of contrast-enhancing No. of chronic No. of chronic lesions

lesions (centrifugal/ supratentorial lesions with T2* /phase rim*
centripetal) at baseline*

2(0/2) 26 3/4 (12%/15%)
2(0/2) 21 2/2 (10%/10%)
2(0/2) 35 2/3 (5%/9%)
1(0/1) 0 0(0%)
4.(0/4) 40 4/6 (10%/15%)
1(0/1) n 0 (0%)
4(2/2) 27 0/1(0%/4%)
4(2/2) 13 2/2 (15%/15%)
1(0/1) 34 8/9 (24%/27%)
3(3/0) n 0/1(0%/9%)
1(1/0) 12 3/5 (25%/42%)
2(2/0) n 1/1(9%/9%)
1(1/0) 4 3/3 (7%/7%)
2(2/0) 12 1/1(8%/8%)
5(4/1) 20 1/1(5%/5%)
1(1/0) 23 4/5 (13%/21%)
4(2/2) 59 3/4 (5%/7%)

Median no.(range) of Median no. (range) Median no. (range)

contrast-enhancing lesions of supratentorial of chronic lesions
chronic lesions with phase rim
2(1-5) 21(0-59) 2(1-9)

RR, relapsing remitting; SP, secondary progressive; EDSS, Expanded Disability Status Scale; Y1 = year 1. *Discrete supratentorial chronic lesions as visible on

50 axial 1-mm slices.
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A Persistent phase rim after enhancement resolution
Centrifugal baseline Centripetal month 1§ Month 3 Month 6 Month 12 Month 18

Postcontrast
T1-MPRAGE

T2* magnitude

Phase

Transient phase rim after enhancement

Baseline § Month 1 Month 3 Month 6 Month 12

Postcontrast
T1-MPRAGE

T2* magnitude

Phase

Figure 2. Centripetal lesions: persistent versus transient phase rim during follow-up. (A) Persistent phase rim after enhancement resolution: Eighteen-
month longitudinal evolution of a centripetally enhancing MS lesion with phase rim at 7T MRI in a 43-year-old woman with secondary progressive MS
(Expanded Disability Status Scale 5.5, disease duration 19 years). (i) Postcontrast T1-weighted images capture the shift from centrifugal enhancement at
baseline to centripetal enhancement at M1. When the lesion enhances centripetally, a hypointense rim on noncontrast phase images colocalizes with ini-
tial opening of the blood-brain barrier in peripheral vessels. (ii) After resolution of enhancement (M3, M6, M12, and M18), the rim persists on phase images
(red arrows) and appears also on T2*-weighted magnitude images at M6, M12, and M18. (B) Transient phase rim after enhancement resolution: Twelve-
month longitudinal evolution of a centripetally enhancing MS lesion with phase rim at 3T and 7T MRI in a 38-year-old woman with relapsing-remitting MS
(Expanded Disability Status Scale 1.5, disease duration 6 years). In this case, as well, a hypointense rim can be discerned at baseline on the noncontrast
phase images (red arrows); however, the rim disappears in the months following enhancement resolution. $Scans acquired at 3T MRI. Scale bar: 10 mm.

jci.org  Volume126  Number7  July 2016 2599


https://www.jci.org
https://www.jci.org
https://www.jci.org/126/7

2600

CLINICAL MEDICINE

The Journal of Clinical Investigation

Table 2. One-year longitudinal evolution of the phase rim, lesion volume, and T1 hypointensity

in centrifugally and centripetally enhancing MS lesions

Exclusively centrifugal

DCE pattern Transient phase rim

No. of lesions 20 10
Paramagnetic rim on T2* (number of lesions)

Baseline 0 4

M12 0 0
Mean lesion volume (SD) (mm?)

Baseline* 27 (17) 168 (151)

M3 18 (12) 138 (136)

Mé 13(11) 86 (69)

M12 11(11) NA in 3 lesions 72 (72) NAin 1lesion
Percentage of lesion volume shrinkage (SD)

(Baseline - M12)/baseline 64 (16) 56 (13)

(M3 - M12)/M3 39(20) anm
Mean T1-hypointensity values (SD)

Baseline* -17(7) -26 (10)

M3 -17 (6) -17 (4)

M6 -17(7) -16 ()

M12 -15(8) -17(5)
Percentage of intralesional T1intensity change

(Baseline - M12)/baseline 10 (58) 33(19)

(M3 - M12)/M3 8(32) 1(13)

Percentage of lesions with reduced T1 intensity over time

M3 to M12 35 n
Lesion brain location

No. of lesions, JC/PV/DWM

7/3/10 1/4/5

DCE, dynamic contrast enhancement; NA, not available; JC, juxtacortical; PV, periventricular; DWM, deep white
matter. *Baseline lesion volume is taken as the lesion volume at true baseline or M1, whichever is larger.

Centripetal DCE pattern

In vivo radiological results

All participants but 2 had at least 1
chronic lesion with phase rim at base-
line (median: 2 lesions, range: 1-9,

Persistent phase rim Table 1), representing 14% (median:
) 9%, range: 4%-42%) of supraten-

torial discrete chronic lesions. On

9 postcontrast Tl-weighted magneti-

2 zation-prepared rapid gradient echo
(T1-MPRAGE), we detected and

664 (823) followed 42 discrete supratentorial

313 (304) enhancing lesions (longest lesion axis

243 (208) >1.5 mm). Twenty lesions showed

206 (204) NA in 1 lesion exclusively centrifugal enhance-

ment (hereafter termed “centrifugal

54 (15) lesions”), and 22 showed centripetal

23 (15) after initial centrifugal enhancement
(“centripetal lesions”). The median

-36 (13) number of enhancing lesions per par-

-26(7) ticipant was 2 (range: 1-5).

-28(7) Longitudinal peripheral phase

-28(9) rim assessment. At baseline, in cen-

tripetal lesions, the phase rim colo-
8 (29) calized with the initial site of con-
trast enhancement (rim thickness
mean * SD: 465 * 133 um). During
70 the follow-up, in 10 of 22 centrip-
etal lesions, the rim disappeared
within 3 months after enhancement
resolved; in the remaining 12 cen-
tripetal lesions, the phase rim per-

8/1/3

with this article; doi:10.1172/JCI86198DS1). Finally, we assessed
the histopathological correlates of the phase rim in the formalin-
fixed brains of 3 individuals with progressive MS to support part
of the model of lesion development and rim evolution that we pro-
pose based on in vivo data.

Results

From April 2012 to April 2015, we recruited 19 people with
MS (18 relapsing-remitting and 1 secondary-progressive with
relapses) under an IRB-approved natural history protocol (Fig-
ure 1). Only patients untreated or treated with a first-line therapy
(glatiramer acetate, IFN-p, dimethyl fumarate) at baseline were
included (Table 1). Based on the identification of new enhancing
supratentorial lesions in scheduled examinations at 3T (Supple-
mental Table 1), participants were invited to undergo a prospec-
tive longitudinal 7T MRI study at baseline and M1, M3, M6, and
M12. During the study period, 125 scans at 7T MRI were per-
formed. Two people with a relapsing-remitting disease course
dropped out and were not included in the final analysis (Figure
1). Experienced MS clinicians determined disability according to
the Expanded Disability Status Scale (23) and obtained clinical
data at baseline and M12. Demographic and clinical information
is provided in Table 1.
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sisted (Figure 2).

In centripetal lesions with per-
sistent rim, the mean phase rim
thickness was stable over time (baseline: 498 + 160, M3: 627 +
119, M6: 646 + 189, M12: 536 + 86 um), but in 3 lesions the rim
became increasingly evident on T2*-weighted magnitude images
(9 of 12 lesions had a T2* rim at baseline; Table 2). As shown in
Table 2, centripetal lesions with persistent phase rim were more
frequently found in the cortical/juxtacortical region than in the
periventricular and deep white matter regions. During the fol-
low-up, in some cortical/juxtacortical lesions, the phase rim was
qualitatively more prominent at the white/gray matter junction
than in the deep white matter (Supplemental Figure 1). By com-
parison, none of the 20 centrifugal lesions developed a phase rim
at any time point (Figure 3).

Longitudinal lesion volume assessment. The mean lesion vol-
ume was higher at all time points in centripetal lesions with
persistent rim compared with the other 2 groups (Table 2). The
trajectory of volume over time for each lesion is shown in Fig-
ure 4A. The overall percentage of lesion volume shrinkage from
baseline to M12 was similar across the 3 lesion groups, but com-
paring M3 (after resolution of initial lesion edema) and M12,
the relative volume shrinkage of centripetal lesions with per-
sistent phase rim was least (P = 0.028, Table 2 and Figure 4B).
In Figure 4A, it is also evident that participants who developed
persistent-rim lesions were older than those who developed
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Month 6 Month 12

Figure 3. Fate of centrifugal lesions. Twelve-month longitudinal evolution of a centrifugally enhancing MS lesion at 3T and 7T MRl in a 58-year-old
woman with relapsing-remitting MS (Expanded Disability Status Scale 1.5, disease duration 11 years) that arises from a clearly visible central vein. A phase
rim is not discerned at any time point. After closure of the blood-brain barrier, the lesion is visible as hypointense on phase images and hyperintense on

T2*-weighted magnitude images. $Scan acquired at 3T MRI. Scale bar: 10 mm.

transient-rim lesions (mean ages 44.3 and 34.7 years, respec-
tively, P = 0.04, ANOVA).

Longitudinal lesion T1 intensity assessment. The mean normal-
ized T1-weighted signal intensity was lower at all time points in
persistent-rim lesions compared with the other 2 lesion groups
(Table 2). Overall, partial recovery of T1 intensity (~25%) was seen
from baseline to M12 across the 3 groups. However, rim persistence
was associated with progressively lower T1 intensity between M3
and M12, which was seen in 7 of 10 lesions with persistent rim
(70%) compared with 7 of 26 lesions without rim (27%) (P = 0.03,
Fisher’s exact test) (Figure 4C). A schematic representation of the
3 scenarios of lesion development and evolution according to sta-
tus of the blood-brain barrier, phase rim, lesion volume, and lesion
T1 hypointensity is shown in Figure 5.

Prediction of phase rim persistence after 1 year. Among clin-
ical and radiological variables (participant age, brain location,
and baseline presence of a T2* rim, lesion volume, and T1 inten-
sity), a T2* rim and lesion volume at baseline strongly predicted
the persistence of a phase rim at 12 months. According to these
2 variables, and irrespective of the initial contrast enhancement
pattern, a persistent phase rim is expected when (a) the baseline
lesion volume is 2224 mm?® in the absence of a T2* rim at baseline
(sensitivity 100%, specificity 92%); or (b) the baseline lesion vol-
ume is 2162 mm? in the presence of a T2* rim at baseline (sensitiv-
ity 86%, specificity 100%).

Clinical correlations

Three participants had centripetal lesions with both transient and
persistent phase rims. The only participant with secondary pro-
gressive MS who was enrolled in this cohort had 2 centripetally
enhancing lesions, both of which had a persistent phase rim. Five
of 17 participants had neurological symptoms at the time of enroll-
ment and were treated with i.v. steroids after the baseline MRI
scan. Interestingly, steroid administration was associated with
lower chance of a phase rim at 12 months (1 of 14 treated lesions
[7%] compared with 11 of 28 untreated lesions [39%], P = 0.036).

Neuropathological correlation

In an autopsy case, 5 MS lesions (3 periventricular and 2 leukocor-
tical) with persistent phase rim, seen on both in vivo and postmor-
tem 7T MRI, were completely demyelinated, without evidence of
complete or partially remyelinated white matter areas (Figure 6 and
Supplemental Figure 3). The lesion edges, where the phase rims were
detected on MRI, were characterized by the extensive presence of a
CD68-positive demyelinating inflammatory infiltrate (comprising
macrophages and/or activated microglia, Figures 6, 7, 8 and Sup-
plemental Figure 3) that tended to distribute in the periplaque along
some of the veins crossing the lesion edge. These lesions were found
to expand on in vivo 7-year longitudinal MRI data. The majority of
CD68-positive cells closer to the lesion edge showed intracellular
iron accumulation (double staining with anti-CD68 and DAB-Turn-
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bull, Figures 7 and 8). CD8-positive T lymphocytes were mostly
detected in perivascular spaces of small veins and capillaries at the
lesion edge (CD8/CD68 ratio ranging from 0.03 to 0.23 at the lesion
edge), while CD4- and CD20-positive perivascular lymphocytes
were extremely rare. Non-iron-laden reactive astrocytes were seen at
both lesion edge and lesion center (double staining with anti-GFAP
and DAB-Turnbull, Figure 7). Small foci of perivenular demyelination
and myelin rarefaction were visible in the periplaque zone. Myelin
PLP-positive oligodendrocytes and oligodendrocyte precursor cells
(OLIG2/ASPA") were prevalent in the cortical portions of leuko-
cortical lesions but rarely at the white matter lesion edge (Figure 7).
Extensive axonal loss and transection, as well as impairment
of axonal transport (SMI32 nonphosphorylated neurofilament
staining) in remaining axons, were seen throughout the center of
all lesions, corresponding to in vivo mean intralesional T1 inten-

2602
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sity values ranging from -25.1 to -18.7 (fully consistent with longi-
tudinal in vivo data on centripetal lesions with persistent rim; see
Table 2 and red dots in Figure 4C). At the lesion edge, axons were
progressively better preserved and fiber bundles more clearly dis-
cerned (Figure 6), even if sparse end terminals of degenerating
axons (24) were seen on SMI32 (Figure 7).

In 2 other autopsy MS cases, 6 non-phase rim lesions (4 periven-
tricular, 1in the deep white matter, and 1juxtacortical) did not show
a CD68-positive inflammatory infiltrate at the lesion edge, but there
were varying degrees of intralesional non-iron-laden CD68-posi-
tive infiltrates (Figure 8 and Supplemental Figure 4).

Discussion
In this study, newly forming supratentorial MS lesions were clas-
sified according to their pattern of dynamic contrast enhance-
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| -/ |
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Figure 5. Graphical representation of the 3 scenarios of lesion development and evolution according to status of the blood-brain barrier, phase rim,
lesion volume, and lesion T1 hypointensity. (i) Evolution of a fully centrifugal lesion: no shift to centripetal enhancement pattern; no phase rim at any
time point. (ii) Evolution of a centrifugal lesion to a centripetal lesion with transient phase rim: disappearance of the phase rim during the follow-up. (iii)
Evolution of a centrifugal lesion to a centripetal lesion with persistent phase rim: persistence of the phase rim after enhancement resolution and reduced
lesion volume shrinkage and reduced T1 intensity over time in comparison with the other lesion types. Years from lesion onset, the pathological correlate
of the persistent phase rim can be assessed at autopsy. BBB, blood-brain barrier; DCE, dynamic contrast enhancement imaging.

ment (16, 21, 22) (centrifugal or centripetal) and followed over at
least 1 year to assess, in vivo, the complex interplay among blood-
brain-barrier status, inflammation, and lesion evolution. The
histopathological correlate of the phase rim was also described
(Figures 6-8) in order to support a proposed phenomenological
model of lesion development and rim evolution that derives from
the in vivo data (Figure 9).

According to a commonly accepted model of MS lesion devel-
opment, after a myelin antigen is encountered, demyelination
within a newly forming lesion proceeds outward from a small
central vein. This process, which involves disruption of the blood-
brain barrier, is mirrored in the centrifugal pattern of contrast
enhancement by DCE MRI (21, 22). The brain’s natural response
is to contain this destructive inflammatory process through a com-
bination of immune-mediated mechanisms and astroglial reac-
tion. In some active lesions, for unknown reasons, failure of early
tissue-protective mechanisms can lead to more exuberant lesion
growth, which triggers a stronger immune reaction at the lesion
edge that may isolate the lesion from surrounding unaffected par-
enchyma. Our previous studies (16, 21, 22), interpreted in the con-
text of prior work on the CNS injury response (7), suggest that this
process involves opening of the blood-brain barrier in capillaries at
the lesion edge. Such opening manifests as a centripetal pattern of
contrast enhancement by DCE MRI. The attendant infiltration of
blood-derived monocytes/macrophages, and/or activation of res-
ident microglia, with their related by-products, is reflected in an
early phase rim. The specific paramagnetic substances that under-
lie the early phase rim are not yet determined.

In centripetal lesions, our current imaging data show that 2
possible scenarios can play out (Figures 2 and 5). In approximately
half of the lesions, the early phase rim persists, and we hypothe-
size that this represents ongoing inflammation despite closure of
the blood-brain barrier as detected on gadolinium-enhanced MRI.

In this scenario, the persistent pathological process corresponding
to the phase rim is likely to be related to the high ratio of inflam-
matory (iron-laden, ref. 25; and hence paramagnetic, Figure 8)
to antiinflammatory/repair-promoting myeloid cells at the lesion
edge, but also possibly to persistent oxidative stress. Notably, the
identities and functional phenotypes of macrophages have been
shown to be extremely dynamic and responsive to varying envi-
ronmental signals, and an intermediate activation status is often
detected (26). Thus, we have chosen to use the broader terms
“inflammatory” and “repair-promoting” (antiinflammatory) in
lieu of M1 and M2 polarization status (27). As in other inflamma-
tory diseases (7, 28), the shift from the initially prevalent popula-
tion of proinflammatory to antiinflammatory cells (29), and the
subsequent prompt clearance of the proinflammatory population,
may have a fundamental role in promoting tissue remodeling (res-
olution of the glial scar) and enhancing repair (remyelination, new
synapse sprouting) (30-32) (Figure 9). We propose that this is the
case in the second scenario, in which the phase rim disappears
when enhancement resolves (here, we termed these lesions “cen-
tripetal lesions with transient rim”).

The analysis of the trajectory of lesion volumes and T1 hypoin-
tensity over time suggests that the phase rim is not only a marker
of persistent inflammation within the first year of lesion devel-
opment but also a possible marker of impaired or delayed lesion
repair and irreversible tissue degeneration. In the absence of reli-
able and direct imaging markers of repair/remyelination, tracking
of the longitudinal lesion signal intensity (in terms of its return
toward normal white matter signal) and volume is at present the
established strategy to assess short-term lesion repair (33, 34). In
this study, two major imaging findings characterize the evolution
of persistent-rim lesions in comparison with the other two scenar-
ios of lesion development: (a) lower rate of lesion volume reduction
at each time point, and (b) progressive lowering of T1 signal inten-
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Figure 6. MRI/pathology of demyelinated lesions with persistent phase rim. Images shown are from lesions 2 and 3 in Figure 8. (A) In vivo and postmor-
tem 7T MRI shows 2 periventricular lesions with persistent phase rims that become partially confluent over time as the lesion expands (between 2006 and
2013). The rims were visible on an in vivo 7T MRI in 2013 (not shown), as well as postmortem (red arrows). On the in vivo 7T 3D T1-MPRAGE (2013), these
lesions appear strongly hypointense (mean lesion T1 intensity values, respectively: -25.1 and -21.2 in units of SD of normal-appearing white matter signal;
mean cerebrospinal fluid T1intensity: -29.9). Scale bar: 5 mm. (B) In vivo and postmortem MRI-guided histopathology allowed precise localization of the
target area. MRI-matched thumbnails of representative serial sections (10-um-thick sections) show the Luxol fast blue/periodic acid-Schiff (LFB-PAS)
stain for myelin, myelin proteolipid protein (PLP) immunohistochemistry, and Bielschowsky staining for axons. Insets i-v are indicated as red squares

on the thumbnails to facilitate their localization and the interpretation of the pathological data. Both lesions were completely demyelinated. (i-iii) The
lesion edge, where the phase rim was detected on MRI, is characterized by the presence of an extensive CD68-positive cellular infiltrate, corresponding to
macrophages/activated microglia (inflammatory infiltrate thickness ~200-400 um). Luxol fast blue-positive myelin debris (cyan, black arrows) and late
myelin degradation products (lipofuscin, purple) can be seen within macrophages at the lesion edge, suggesting ongoing demyelination (ii). The majority
of CD68-positive cells also stained positive by the DAB-Turnbull method, indicating the intracellular accumulation of iron (jii). (iv and v) Extensive axonal
loss with transection and dystrophy of the remaining axons is seen throughout the lesion center (v). At the lesion edge, some axons were better preserved,
and fiber bundles could be discerned (iv). Scale bars: 200 pum (i); 10 um (ii); 50 um (iii-v).

sity between M3 and M12 (Figure 4 and Table 2). Relevantly and
as confirmed at autopsy, lesional T1 hypointensity has been shown
to associate with the degree of axonal loss in correlative radiology-
pathology studies (35-38), and resolving T1 hypointensity has been
suggested as a potential marker of remyelination (38). Among the
possible explanations for failure of repair and/or remyelination in
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persistent-rim lesions, in the context of a preponderance and per-
sistence of myeloid cells (pathological data and proposed phenom-
enological model shown in Figures 6-9), are inhibition of oligoden-
drocyte precursor cell recruitment and maturation, impairment of
normal axo-glial interactions, disturbance of mitochondrial func-
tion in both oligodendrocyte precursors and axons, and cytotoxic-
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Figure 7. Histological features of MS lesions with phase rim. Chronic demyelination colocalizes with the phase rim at the lesion edge. There are no signs

of ongoing remyelination and only rare oligodendrocyte precursor cells (OLIG2*

JASPA- cells, red arrows). In a cortical lesion, on the other hand, there is evi-

dence of oligodendrocyte precursor cells as well as remyelination. Macrophages/activated microglia also colocalize with the phase rim at the lesion edge.
Luxol fast blue (cyan) and lipofuscin (purple) inclusions within these cells suggest ongoing early and late myelin degradation process (x100 magnification).
A rim of iron-laden CD68-positive cells are clearly present at the lesion edge (DAB-Turnbull staining alone and double staining with anti-CD68/DAB-Turn-
bull). Mature tissue macrophages expressing the scavenger receptor CD163 were also represented in the CD68 population, suggesting that the population
was not homogeneous (double staining with CD68/CD163). Reactive astrocytes and axonal damage: Non-iron-laden reactive astrocytes were seen in the
demyelinated lesion center and demyelinating lesion edge (double staining with GFAP/DAB-Turnbull). Residual axons within the lesion center showed
evidence of impaired axonal transport (positive staining for nonphosphorylated neurofilaments expressing SMI32). Red arrows indicate the presence, at
the lesion edge, of sparse SMI32-positive ovoids suggesting ongoing axonal degeneration. Scale bars: 50 pm (top row); 10 um (left panel, middle row); 50
um (right 3 panels, middle row); 50 um (left 2 panels, bottom row); 20 um (right 2 panels, bottom row).

ity (3-8). Indeed, inflammatory mediators such as free radicals or
nitric oxide, which are also commonly paramagnetic, can in prin-
ciple persist at the lesion edge, stimulating a vicious circle of det-
rimental inflammation and worsening neurodegeneration. Such
a cycle may be akin to the recently described “unrestrained mac-
rophage activation” in nonhealing wounds, which bear important
similarities to poor response to CNS injury (7).

In our pathological samples, the most striking histological fea-
ture of chronic phase rim lesions is the presence of CD68-associ-
ated smoldering demyelination at the lesion edge that allows their
pathological classification as “chronic active”/“slowly expand-
ing”/“smoldering” lesions. The interpretation of our in vivo MRI
data and postmortem findings (Figure 7) is, therefore, not in con-
flict with the pathological finding of iron accumulation within a
subset of macrophages/activated microglia at the edge of chronic
phase rim lesions (13, 14, 19, 20, 25, 39), even if other relevant fac-
tors, such as oxidative stress and disruption of the microstructural
organization of the tissue (39-42), may also affect the phase signal
in active lesions. The role of iron in such lesions is complex, as iron

can in principle both enhance neurodegeneration and stimulate
remyelination (43, 44). Variable amounts of free iron are released
during the process of demyelination. This iron may be rapidly
taken up by myeloid cells and contribute to the maintenance of
their polarization (25); it may then be released, bound to ferritin,
for use in oligodendrocyte precursors (45-47). In cells of the oli-
godendroglial lineage, several enzymes, including those involved
in mitochondrial function, differentiation, and myelin formation,
are iron-dependent (46, 47).

Interestingly, in 3 of 12 centripetal lesions with persistent
phase rim, we also detected the appearance of a rim on T2*-
weighted magnitude images between M3 and M6 (Figure 2).
Given the higher sensitivity of the phase image to subtle local
paramagnetic shifts, this observation suggests the accrual over
time of paramagnetic substances at the lesion edge. Whether this
finding represents an ongoing attempt to enhance repair or the
definitive proof of remyelination failure is uncertain.

At baseline, the strongest statistical predictors of a persistent
phase rim are higher lesion volume and the presence of a T2* rim,
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Figure 8. Distribution of CD68-positive and iron-positive cells in MS lesions with and without phase rim.
Iron-laden CD68-positive macrophages/activated microglia were more common at the lesion edge than

at the lesion center and within the surrounding white matter. On the other hand, lesions without phase

rim showed varying degrees of non-iron-laden CD68-positive cells, not significantly different from the
surrounding white matter. Lesions 1-4 belong to patient 1, lesions 5 and 6 to patient 2, and lesions 7-10 to
patient 3 (see Supplemental Appendix for details). *P < 0.0001 in edge versus center and edge versus white
matter (ANOVA, post hoc analysis and Bonferroni correction for multiple comparisons).

suggesting that lesions with this fate are more inflammatory even
at onset. In this context, it is possible that the magnitude of the ini-
tial inflammation, rather than the intrinsic capacity of the injury
response to contain lesion expansion, determines the lesion’s
fate. It is also likely that patient-specific factors, in particular age
(as demonstrated here) (48, 49), but also potentially tissue ener-
getics and vascular status, play important roles that should be fur-
ther explored. Indeed, using an elegant parabiosis model, a recent
study demonstrated that older mice have reduced ability to clean
myelin debris and delayed capacity to shift the polarization of mye-
loid cells into repair-promoting phenotypes (30). Interestingly, in
some leukocortical lesions, the rim became more prominent at the
white/gray matter junction (Supplemental Figure 1). This phenom-
enon might be related to the presence of more iron in the subcor-
tical U fibers that may be released after demyelination, or perhaps
to impaired macrophage migration into the gray matter (50) with
consequent accumulation in the subcortical white matter.

Our preliminary observations suggest that short-term high-
dose corticosteroids—a common treatment for MS relapses —may
limit the development of the persistent phase rim and the associ-
ated overall tissue damage. This effect might be mediated in part
by the ability of corticosteroids to close the blood-brain barrier and
thereby reduce the entrance of blood-derived inflammatory cells
into the CNS; alternatively, corticosteroids might directly promote
repair. This notion is in line with a previous report on improved
recovery of magnetization transfer ratio values in steroid-treated
enhancing lesions (51).

Finally, we performed an exploratory analysis of peripheral
blood cytokines and chemokines (Supplemental Appendix). This
analysis was not preplanned, and as a result we only had access
to serum samples from a subset of the participants. Nonethe-
less, we found preliminary evidence that at the time of radiolog-
ical relapse, participants with centripetal rather than centrifugal
lesions harbor a prominent Thl-polarized cytokine profile (IL-12,
IFN-y, CXCL10 [IP10], IL-2, IL-15) that reduces during remission
(Supplemental Figure 2).

Follow-up studies in larger populations could address several
key questions: (a) Other than participant age, is the fate of newly
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processes underlying the persistent rim
plateau or even reverse in some cases?
(c) Are similar findings detectable at
clinical magnetic field strength, which
would facilitate broader, perhaps mul-
ticenter, application?

In summary, we suggest that the
persistence of a lesion’s phase rim is
a negative prognostic factor in early
lesion evolution, but also years later as shown by the pathological
evaluation. Our results further suggest that therapeutic enhance-
ment of tissue protection, as an adjunct to immunomodulatory
therapies designed to reduce new lesion formation, should be a
critical goal of treatment in early, inflammatory MS. In this context,
successful prevention of the chronic phase rim might be useful as
an outcome measure to gauge the success of such an approach.

Methods

In vivo radiological assessment

MRI acquisition. The 7T MRI protocol was as follows: (a) High-resolu-
tion (voxel size 0.2 mm x 0.2 mm x 1 mm) 2D susceptibility-weighted
gradient-echo sequence providing both T2*-weighted magnitude con-
trast (“T2*”) and susceptibility-weighted phase contrast (“phase”)
covered the lesion(s) of interest before contrast injection. (b) During
injection of i.v. gadobutrol (0.1 mmol/kg over 1 minute), 10 repetitions
of a 3D T1-weighted DCE sequence (32 seconds per repetition; voxel
size 0.5 mm x 0.5 mm x 0.8 mm) covered the lesion(s) of interest. This
sequence was further repeated at variable time points over 20 minutes
after contrast administration. (c) Whole-brain 3D T1-weighted mag-
netization-prepared rapid gradient echo (T1-MPRAGE; voxel size 0.7
mm x 0.7 mm x 0.7 mm) was acquired before and after contrast injec-
tion (after ~5 and 16 minutes).

Additional MRI details have been previously described (16).

MRI analysis. An experienced neuroradiologist (D.S. Reich) read
all the scans clinically, and a neurologist with experience in MS imag-
ing (M. Absinta) analyzed the data. DCE and phase post-processing,
as well as coregistration among images, were performed as previously
described (16). 3D T1-MPRAGE images were coregistered and normal-
ized using WhiteStripe (52), whereby intensity values are expressed in
units of standard deviation (SD) of normal-appearing (extralesional)
white matter. By convention, paramagnetic substances yield nega-
tive values in both phase and T2* images (12, 16). Enhancing lesions
were detected and classified as centrifugal (contrast enhancement first
appears at the center of the lesion and over time spreads outward) and
centripetal (contrast enhancement first appears at the lesion edge and
then spreads inward) based on the DCE (21) or sequential TI-MPRAGE
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Figure 9. Phenomenological model of the origin and fate of the phase rim. In this hypothetical model, peripheral macrophages and activated microglia
are recruited to the site of tissue damage (i). The potential roles of proinflammatory macrophages and microglia are shown in ii and iii: clearance of myelin
debris, removal of free iron derived from the demyelinating process, production of free radicals, induction of the glial scar, and recruitment of oligodendro-
cyte precursors. The healing process is mediated by the shift from proinflammatory to antiinflammatory macrophages/microglia induced by interaction
with the extracellular matrix and other factors (iv). Antiinflammatory macrophages/microglia help limit formation of a glial scar and promote migration

of oligodendrocyte precursor cells into the demyelinated lesion (v), where they can mature into myelinating oligodendrocytes (vi) and remyelinate naked
axons (vii). Any interruption of the healing process (e.g., failure of macrophages/microglia to acquire a fully antiinflammatory phenotype and subsequently
clear macrophages/microglia) might trigger a vicious circle, resulting in persistence of the phase rim over at least the first year of lesion evolution.

images. Enhancing lesions with a maximum diameter <1.5 mm, as well
as confluent or re-enhancing lesions, were excluded from the anal-
ysis. In both centrifugal and centripetal lesions, for each time point,
the presence or absence of a hypointense rim was assessed on T2*
and phase images. The rim thickness on phase images was also mea-
sured as previously described (16). The brain location of each lesion
was recorded as periventricular, deep white matter, or cortical/juxta-
cortical. For each lesion, the lesion volume and intralesional mean T1
intensity on coregistered noncontrast 3D TI-MPRAGE images (paint
tool, MIPAV software; NIH) were noted at the following time points:
baseline/M1, M3, M6, and M12. Finally, the number and percentage of
supratentorial discrete chronic lesions with phase rim on the baseline
scan (50 axial 1-mm slices) were assessed for each participant.
Statistics. An analysis of covariance (ANCOVA) assessed the
percentage change of lesion volume between M3 and M12, as (M3 -
M12) /M3, among lesion groups (centrifugal, centripetal with transient

phase rim, and centripetal with persistent phase rim). Since a partic-
ipant could have 1 or more lesions, a mixed-effects model evaluated
the participant-specific contribution, but as this contribution was not
statistically significant, it was excluded from the final model; thus,
lesions from the same participant were treated as independent. The
effect of rim persistence on worsening of T1 hypointensity (=1 unit of
SD of normal-appearing white matter) between M3 and M12 was eval-
uated with Fisher’s exact test. To test whether participants with lesions
with persistent phase rim were older than those with transient rim, an
ANOVA and unequal variance model (Levene’s test for homogeneity
of variance) were performed.

A logistic regression was used to establish the variables at base-
line (lesion volume, presence or absence of a T2* rim, T1 hypointen-
sity, participant age, brain lesion location) that predicted persistence
of the phase rim at M12. Since the baseline lesion volume and T2*
rim status were significant, the sensitivity and specificity of baseline
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lesion volume thresholds were estimated according to the presence or
absence of a T2* rim at baseline. The effect of steroid administration
at baseline on rim persistence was evaluated with Fisher’s exact test.
In all analyses, P values of less than 0.05 were considered significant.

Neuropathological evaluation

Neuropathological evaluation of the formalin-fixed brain of a progres-
sive MS patient (59 years old, 21 years of clinical disease duration)
focused on 5 demyelinated MS lesions with phase rims that had been
imaged at 7T MRI both in vivo (same imaging protocol as the in vivo
cohort) and postmortem. An additional 6 demyelinated MS lesions
without phase rim (on postmortem 7T MRI) from 2 other progressive
MS patients were analyzed for comparison (details in Supplemen-
tal Appendix). MRI-matched histological sections were achieved via
7T MRI of the fixed brain and subsequent gross sectioning with an
individualized, MRI-designed, 3D-printed cutting box (53). Forma-
lin-fixed 5- or 10-um cryosections or paraffin sections were stained
with H&E, Luxol fast blue/periodic acid-Schiff, Bielschowsky, and
DAB-enhanced Turnbull staining (iron assessment). Immunohis-
tochemical analysis for myelin proteolipid protein (PLP), aspartoa-
cylase (ASPA, mature oligodendrocytes), OLIG2 (oligodendrocyte
precursor cells), CD68 (macrophages/activated microglia), CD163
(mature tissue macrophages involved in resolution of inflammation),
CD3 (T lymphocytes), CD8, CD4, CD20 (B lymphocytes), GFAP
(reactive astrocytes), and SMI32 (axonal nonphosphorylated neuro-
filaments) was performed on representative slides (details in Supple-
mental Table 2). Selective double staining with ASPA/OLIG2 (mature
oligodendrocytes/oligodendrocyte precursor cells), DAB-Turnbull/
CD68, DAB-Turnbull/GFAP, and CD163/CD68 was also performed.
Bruce Trapp (Lerner Research Institute, Cleveland, Ohio, USA), pro-
vided a portion of the myelin PLP antibody, and Brian Popko (Uni-
versity of Chicago, Chicago, Illinois, USA), the ASPA antibody. For
all antibodies, source and catalog number are provided in the Sup-
plemental Appendix. Cell numbers were quantified with Image] soft-
ware in 10 randomly taken fields (size 700 pm x 525 um), using x20
magnification, at different locations (lesion center, lesion edge, and
white matter surrounding the lesion) and statistically analyzed using
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ANOVA analysis and post-hoc comparisons (Bonferroni-corrected for
multiple comparisons; P < 0.05).

Study approval

Patients were recruited under an IRB-approved natural history pro-
tocol (NINDS, NIH). All patients provided informed consent prior
to their participation in the study. The 3 formalin-fixed brains were
attained at autopsy after consent was obtained from the next of kin.
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