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Objectives: Neuropathological studies have shown that multiple sclerosis (MS) lesions are heterogeneous in terms of
myelin/axon damage and repair as well as iron content. However, it remains a challenge to identify specific chronic
lesion types, especially remyelinated lesions, in vivo in patients with MS.
Methods: We performed 3 studies: (1) a cross-sectional study in a prospective cohort of 115 patients with MS and
76 healthy controls, who underwent 3 T magnetic resonance imaging (MRI) for quantitative susceptibility mapping
(QSM), myelin water fraction (MWF), and neurite density index (NDI) maps. White matter (WM) lesions in QSM were
classified into 5 QSM lesion types (iso-intense, hypo-intense, hyperintense, lesions with hypo-intense rims, and lesions
with paramagnetic rim legions [PRLs]); (2) a longitudinal study of 40 patients with MS to study the evolution of lesions
over 2 years; (3) a postmortem histopathology-QSM validation study in 3 brains of patients with MS to assess the accu-
racy of QSM classification to identify neuropathological lesion types in 63 WM lesions.
Results: At baseline, hypo- and isointense lesions showed higher mean MWF and NDI values compared to other QSM
lesion types (p < 0.0001). Further, at 2-year follow-up, hypo-/iso-intense lesions showed an increase in MWF. Postmor-
tem analyses revealed that QSM highly accurately identifies (1) fully remyelinated areas as hypo-/iso-intense (sensitiv-
ity = 88.89% and specificity = 100%), (2) chronic inactive lesions as hyperintense (sensitivity = 71.43% and
specificity = 92.00%), and (3) chronic active/smoldering lesions as PRLs (sensitivity = 92.86% and specificity = 86.36%).
Interpretation: These results provide the first evidence that it is possible to distinguish chronic MS lesions in a clinical
setting, hereby supporting with new biomarkers to develop and assess remyelinating treatments.
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Quantitative susceptibility mapping (QSM) quantifies
the spatial distribution of magnetic susceptibility

within biological tissues1 and provides a measure that is
sensitive to both iron accumulation and myelin content in
the brain.2 QSM has been used to identify white matter
(WM) lesions with a rim of iron-laden macrophages/
activated microglia in patients with multiple sclerosis (MS;
paramagnetic rim lesions [PRLs]), which histopathologi-
cally correspond to chronic active and smoldering
lesions.3–6 In addition, QSM has also been applied to
assess the longitudinal evolution of acute MS lesions over
time.7 Nevertheless, QSM has not previously been
exploited for the classification of MS lesion type heteroge-
neity in neuropathological studies.

Patients with MS exhibit a variety of lesion types
which are characterized by a variable extent of myelin/axon
damage and repair and iron content.8 MS lesions undergo
multiple waves of de- and remyelination, which lead to the
final lesion phenotype of demyelinated, partly remyelinated,
or fully remyelinated (shadow plaques).9 Lesion location (ie,
periventricular vs juxtacortical),10 age (ie, acute vs chronic
lesions),11 cellular composition (ie, presence of oligodendro-
cytes and macrophages/activated microglia),12 and clinical
disease course (ie, relapsing-remitting MS [RRMS] vs pro-
gressive MS [PMS])10,13 likely contribute to the heterogene-
ity of remyelination activity.

Axonal damage in MS lesions is largely heteroge-
neous as well. Acute axonal transection occurs more com-
monly in active demyelinating lesions, whereas inactive
MS lesions show delayed degeneration of long-term
demyelinated axons,14 potentially owing to excitotoxic
mechanisms and ongoing innate inflammation.15 In
chronic active and smoldering lesions, extensive axonal
damage occurs mostly at the lesion border.8

Iron content is likewise extremely diverse across
lesion types. Many, but not all, active MS lesions harbor
iron-laden macrophages.16 Shadow plaques contain higher
amounts of iron compared to smoldering or inactive MS
lesions.17 Furthermore, chronic active lesions are also char-
acterized by an iron-laden rim of macrophages/activated
microglia.3

Currently, MS lesion types can be differentiated
neuropathologically,9 but the distinction of chronic MS
lesion types in vivo (ie, remyelinated vs chronic active/
smoldering vs chronic inactive) remains challenging. For this
study, we applied a multi-contrast quantitative magnetic res-
onance imaging (MRI) approach, including QSM, myelin
water imaging (MWI), and diffusion MRI, to disentangle
lesion phenotypes in vivo in patients with MS.

MWI18,19 and biophysical models applied to multi-
shell diffusion MRI20 offer more specific surrogate measures
of myelin and axon content than other advanced MRI

techniques. MWI quantifies the water between myelin
layers by distinguishing multiple water compartments
in T2 relaxometry data. Moreover, this measure (eg,
myelin water fraction [MWF]) has been validated
postmortem.21,22

Multicompartment microscopic diffusion imaging
(MCMDI), a technique that quantitates the neurite den-
sity index (NDI) of the intra-neurite compartment and
the extra-neurite compartments in the brain, has also been
applied to patients with MS.23,24 The advantage of
MCMDI over diffusion tensor imaging (DTI) is that
MCMDI does not assume a Gaussian distribution of the
diffusion process and hence models non-Gaussian diffu-
sion in biological tissue, providing more specific measures
of tissue microstructure.25,26

To distinguish chronic MS lesion types in vivo, we
classified MS lesions according to their visual appearance in
the QSM maps and studied myelin and axonal content
among QSM lesion types using MWF and NDI, both
cross-sectionally and longitudinally. Further, we performed a
combined histopathology/QSM evaluation in 3 postmortem
brains of patients with MS to assess the histopathological
correlates of the in vivo QSM classification of MS lesions.

Materials and Methods
In Vivo Cross-Sectional and Longitudinal Studies
Participants. We enrolled 115 patients with MS (76 with
RRMS and 39 with PMS) and 76 healthy controls (HCs),
and the demographic and clinical characteristics are
reported in Table 1.

Inclusion criteria were: (1) MS diagnosis according
to McDonald criteria from 2017,27 and diagnosis of active
RRMS or inactive PMS, as defined by Lublin et al28;
(2) absence of any concomitant psychiatric or neurological
disease (excluding headache); and (3) absence of contrain-
dication to MRI. All subjects (patients with MS and HCs)
benefitted of a quantitative MRI protocol; qMRI maps
were reconstructed as outlined in the section “MR
acquisition.”

All patients enrolled in this study also underwent a
conventional MRI (cMRI) during the 3 months before
the study. All gadolinium (Gd) enhancing lesions in cMRI
were excluded from the following analyses. Eleven patients
were excluded because of motion artifacts in their QSM
images.

All patients had a baseline MRI and 40 patients also
had an MRI at follow-up with the same protocol (Fig 1).

The study was approved by the ethics review com-
mittee of the University Hospital Basel (institutional
review board [IRB] of Northwest Switzerland) and all par-
ticipants gave written consent prior to the study.
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MR Acquisition. MRI was performed on a 3 T whole-body
MR system (Prisma, Siemens Healthcare, Erlangen, Germany)
using a 64-channel phased-array head and neck coil. The MRI
protocols included: (1) 3D fluid-attenuated inversion recovery
(FLAIR) (TR/TE/TI = 5,000/386/1,800 ms) with 1 mm3

isotropic spatial resolution; (2) Fast acquisition with spiral
trajectory and adiabatic T2prep (FAST-T2; spiral
TR/TE = 7.5/0.5 ms, 6 T2prep times = 0 (T2prep turned

off ), 7.5, 17.5, 67.5, 147.5, and 307.5 ms, voxel
size= 1.25 � 1.25 � 5 mm,3 scan time= 4.5 minutes, as
described in (Nguyen et al19); (3) multi-shell diffusion
(TR/TE/δ/Δ/resolution = 4.5 seconds / 75 ms / 19 ms /
36 ms / 1.8 mm3 isotropic with b-values 0 / 700 / 1,000 /
2,000 / 3,000 s/mm2 with 12/6/20/45/66 measurements,
respectively, per shell, and a diffusion acquisition with
12 measurements of b-value 0 s/mm2 with reversed phase

Table 1. Clinical Characteristics of Patients and Healthy Subjects

Cohort type Patient with MS Healthy subjects

Sex, n (male/female) Cross-sectional 115 (48/67) 76 (31/45)

Longitudinal 49 (13/27) -

Postmortem 3 (2/1) -

Age, yr, mean � SD Cross-sectional 46 � 14 35 � 13

Longitudinal 43 � 14 -

Postmortem 58 � 5 -

EDSS score, median (range) Cross-sectional 3.14 (0–8) -

Longitudinal 2.5 (1–7) -

Postmortem 4 (2.5–8) -

Disease course (RRMS/PMS) Cross-sectional 76/39 -

Longitudinal 32/8 -

Postmortem 0/3 -

Disease duration, yr, mean � SD Cross-sectional 9.2 (10.41) -

Longitudinal 8.93 (10.09) -

Postmortem 16 (7.54) -

Disease-modifying therapy (n) Cross-sectional Untreated (13)
Interferon-beta (1)

Glatiramer acetate (1)
Dimethyl fumarate (15)

Fingolimod (9)
Natalizumab (4)
Rituximab (13)
Ocrelizumab (55)
Siponimod (2)

Teriflunomide (2)

-

Longitudinal Untreated (3)
Dimethyl fumarate (9)

Fingolimod (1)
Natalizumab (2)
Rituximab (3)

Ocrelizumab (22)

EDSS = Expanded Disability Status Scale; MS = multiple sclerosis; PMS = progressive multiple sclerosis; RRMS = relapsing-remitting multiple
sclerosis.
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encoding as well as (4) 3D segmented echo planar imaging
(EPI) with submillimeter isotropic resolution (TR/TE/
resolution= 64 ms/35 ms/0.67 � 0.67 � 0.67 mm3).

MWF maps were reconstructed using a spatially
constrained nonlinear fitting applied to FAST-T2 data.29

In FAST-T2, both the amplitude and phase of adiabatic
pulses are modulated under the adiabatic principle,30

which reduces B0/B inhomogeneities effects.
Besides, to reduce potential noise associated with

voxel-wise fitting, we incorporated a spatially local
smoothness constraint as proposed in Kumar et al.31As
explained in Nguyen et al,19 the regularization parameter
was determined by calculating MWF maps for different
regularization values in a healthy subject and selecting the
one that provided an MWF map with the best visual qual-
ity. This optimized value was then fixed for all the sub-
jects enrolled in this study. This approach was shown to
produce MWF values in the brain that are comparable
with those obtained using a multi-echo spin-echo
sequence, which has been validated against histological
myelin measurements.32 We have chosen this approach to
quantify myelin water, among many available,2 because of
its robustness against static field (B0) and RF field
(B1) inhomogeneities as compared with the traditional
hard pulse design, especially at high B0 field
strengths.19,33,34 Moreover, we opted for this approach
because we wanted to avoid spurious susceptibility sensi-
tivity, which had been previously reported for other mye-
lin water imaging acquisition methods34: FAST-T2
samples the T2 signal decay curve starting at 0.5 ms,

rendering it relatively insensitive to the T2-shortening
effect of tissue iron.

Diffusion images were denoised and corrected for
motion and eddy-currents.35 The MCMDI diffusion
model23 was used, which is a state-of-the-art model that
integrates the spherical mean technique to handle orienta-
tion dispersion and fiber crossing populations, allowing
more accurate estimations in whole-brain voxels. From
this model we estimated the NDI, which corresponds
putatively to the intra-axonal volume fraction.

The QSM is a field-to-source inversion method to
map the local susceptibility sources in the tissue from the
shift in the magnetic field created by these sources, which
can be measured from gradient echo data. In this study,
the QSMs were reconstructed from 3D EPI data by
unwrapping phase with the path finding and the signal to
noise ratio (SNR) as the image-quality guidance in the
region growth method, removing the background field
through the Projection onto Dipole Fields algorithm, and
using the morphology-enabled dipole inversion algorithm
to compute the susceptibility from the local field (MEDI
reconstruction), as in Liu et al.36 It has been shown that
EPI-QSM provides similar mean susceptibility values
compared with standard multi-echo GRE-QSM.37,38

Lesion Identification and Segmentation
Segmentation of WM lesions (WMLs) was performed automati-
cally by using a deep-learning-based method applied to FLAIR
and MP2RAGE images.39 Afterward, manual correction of auto-
matic WML was performed as a consensus between 2 experienced

Figure 1: Design of the in vivo and postmortem parts of the study. MS = multiple sclerosis; PMS = progressive multiple sclerosis;
QSM = quantitative susceptibility mapping; RRMS = relapsing-remitting multiple sclerosis. [Color figure can be viewed at www.
annalsofneurology.org]
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readers (authors R.R. and C.G.). To avoid partial-volume effects
due to the different spatial resolution of the applied quantitative
maps, we analyzed lesions larger than 10 mm3 in volume.

QSM lesion types were classified as follows: first (1) a map
of MS lesions was obtained through automatic detection and seg-
mentation, as detailed above; and then (2) the FLAIR lesion map
was registered to the QSM map using a boundary-based registra-
tion from the FMRIB software library (FSL)40 so that MS lesions
could then be identified in the QSM map; afterward, (3) MS
lesions were classified according to their appearance on QSM at
intensity range � 200 parts per billion (ppb): (1) iso-intense
(ie, lesions that showed no intensity difference in QSM maps com-
pared to the surrounding tissue); (2) hypo-intense lesions;
(3) hyperintense lesions; (4) lesions with the hypo-intense rim rela-
tive to the lesion center; (5) paramagnetic rim lesions PRL (lesions
with hyperintense rim in QSM maps; Fig 2). As shown in a recent

study,41 MS lesions in QSM often show areas of punctuate hyper-
intensities, which most likely correspond to vessels containing
deoxygenated hemoglobin. In our cohort, these punctate hyper-
intensities were frequently observed but not considered as a factor
influencing the lesion classification. Yet, we cannot exclude that
those punctate areas might have contributed to the hyperintensity
observed in small sized lesions.

To identify dominantly myelin-damaged and dominantly axon-
damaged WM lesions (ie, lesions with a larger percentage change in
MWF and NDI, respectively), we calculated the proportion of myelin
and axonal damage in WMLs relative to the respective values in the
contralateral hemisphere (%MWF and %NDI reduction) as follows42:

([mean MWF or NDI in the mirror region of interest
{ROI} in the contralateral hemisphere] – [mean MWF or NDI
in lesion] � 100/the value in the mirror ROI in the contralateral
hemisphere.

Figure 2: QSM lesion types and their distribution in patients with MS. (A–E) Exemplary QSM lesion types (A = iso-intense,
B = hypo-intense, C = hyperintense, D = hypo-rim, E = PRL). Table in Figure 2: distribution of the different QSM lesion types
(%) in patients with RRMS and PMS. PMS = progressive multiple sclerosis; QSM = quantitative susceptibility mapping;
RRMS = relapsing-remitting multiple sclerosis. [Color figure can be viewed at www.annalsofneurology.org]
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For this purpose, all lesions exhibiting contralateral NA
mirror areas were selected in the lesion masks. In total, 85 lesions
out of 2,852 WMLs were selected and the mirror ROIs were
then manually contoured.

Brain WM Segmentation
Using FreeSurfer (version 6.0, surfer.nmr.mgh.harvard.edu),43

the brain was segmented into whole WM, cortex, deep gray mat-
ter structures, and ventricles. The normal-appearing white matter
(NAWM) mask was produced by subtracting the WM lesion
mask from the WM mask.

An in-house algorithm was used to automatically identify
a 2-voxel layer of NAWM surrounding the lesions on FLAIR;
herein after denoted as peri-plaque WM (PPWM). The relative
susceptibility for individual WMLs was calculated as follows:
Susceptibilitylesion – SusceptibilityPPWM.

We further parcellated the WM region into 3 areas
exhibiting different anatomic characteristics and proximity to the
cerebrospinal fluid/cortex, such as the periventricular area, the
juxtacortical area, and the deep WM (PV, JC, and DW, respec-
tively). This allowed us to study the regional distribution of the
different QSM lesion subtypes.

All values, including intra-lesional, PP tissue and homoge-
neous non-lesional NA tissue, were automatically extracted both
in lesion-wise and average patient-wise manners.

Clustering of Iso-/Hypo-Intense Lesions vs PRLs
To confirm that the qualitative appearance of QSM lesion types
represents lesions with different MWF, NDI, and susceptibility,
we applied a Gaussian Mixture Model (GMM) to the lesion
groups exhibiting the highest and lowest MWF/NDI/susceptibil-
ity mean content. We chose GMM (a method that applies the
expectation–maximization algorithm for fitting mixture-of-
Gaussian models) instead of the commonly used K-mean algo-
rithm for clustering, because GMM considers also the variance
in data to identify clusters whereas K-mean focuses on the data
mean to update the centroids.

Finally, we calculated the percentages of QSM lesion types
(ie, iso-/hypo-intense lesions vs PRLs) falling into 2 distinct clus-
ters that were identified.

Longitudinal Analysis
In 40 patients, a follow-up MRI was performed after 2 years
from baseline. The automatic WM lesion segmentation and
manual correction were performed as explained for baseline
MRIs (n = 325 lesions).

WM lesions were then classified in the follow-up QSM, as
described above. Eighteen of 325 lesions (5.53%) exhibited iso-
and hypo-intensity in QSM and had a corresponding lesion with
a distinct QSM lesion type at baseline.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism version
8.0.0 for Windows, GraphPad Software, San Diego,
California, USA.

A Kolmogorov–Smirnov’s test was used to assess the nor-
mality of data. Paired t test, nonparametric Mann–Whitney test,
and Kruskal-Wallis test with Dunn’s test for multiple compari-
sons correction were used for the paired 2-group analyses,
unpaired 2-group analyses, and the more-than-3 groups analyses,
respectively. Spearman correlations were used to assess whether a
correlation exists between (1) patient-wise average absolute sus-
ceptibility in WML/NAWM or lesion-wise relative susceptibility
in WML and (2) disease duration in patients with MS.

Postmortem Imaging and Histopathology
Postmortem MS brains from 3 patients with MS
(MS clinical type and age [years]: secondary progres-
sive = 59; secondary progressive = 65; and primary pro-
gressive = 66) were imaged on a 3 T hole-body MR
system (PrismaFit, Siemens Healthcare, Erlangen,
Germany) using a 20-channel head and neck coil and a
dome-shaped brain container filled with per-
fluoropolyether. The brains were fixed directly in 4% neu-
tral buffered formaldehyde solution (formalin) within
24 hours after death and for about 4 to 6 months before
MRI. Postmortem QSM images were reconstructed using
3D-EPI (330 μm isotropic, TR = 65 ms, TE = 35 ms,
and ETL = 13, bandwidth 394 Hz/pixel). We then
designed and 3D-printed an individualized cutting box for
each brain, as reported previously.44 Additional manual
registration between the digitized brain slab surfaces and
the corresponding MRI slices was performed to further
refine the match between histopathological and MRI
images. The ROIs including MS lesions were identified
and manually segmented on 3D-EPI and FLAIR images
using ITK-SNAP version 3.6.0.45 As to postmortem 3D
EPI and the relative QSM reconstruction, the sequence
parameters applied and the contrast window for visual
assessments (�200 + 200 ppm) were similar to the one
used in vivo.

Histopathological Analysis
Three postmortem brains were provided by the MS Brain
Bank of the German Competence Network Multiple Scle-
rosis (KKNMS).

Tissue blocks were embedded in paraffin and 4 μm-
slices were stained for myelin (Luxol Fast Blue/Periodic-
Acid Schiff [LFB/PAS]), for iron (DAB-enhanced Turnbull
staining), as well as using hematoxylin and eosin (H&E)
stain.9

For immunohistochemistry (IHC), the following
primary antibodies were applied: anti-myelin basic protein
(MBP; for myelin), anti-CR3/43 (for MHCII-expressing
macrophages/activated microglia) IHC, Turnbull’s blue
(TBB; for iron) staining, and anti-breast carcinoma-
amplified sequence 1 (BCAS1) IHC (for myelin and
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actively myelinating oligodendrocytes). Immunohisto-
chemical staining was performed using an avidin–biotin
technique. After incubation with the primary antibody
(applied at the dilutions indicated by the supplier and incu-
bated overnight at 4�C), antibody binding was visualized
using biotinylated secondary antibodies, peroxidase-
conjugated avidin and DAB (Sigma-Aldrich). Double-
labeling IHC was performed combining DAB and Fast Blue
using an alkaline phosphatase-conjugated secondary anti-
body (Dako, 1:50). Hematoxylin was used as the nuclear
counterstain.

After histology/IHC, the sections were scanned auto-
matically by a computer-directed microscope stage
(Olympus VS120 Soft Imaging Solutions) under �20
magnification for further investigations. Digital processing
of whole slide images was performed using an open
microscopy OMERO server (version 5.6.3).46

Remyelination was in LFB/PAS staining and MBP
and/or BCAS1 IHC by subtle myelin pallor when
compared to the surrounding NAWM, and absence of
macrophages with early myelin degradation products.
Remyelinated lesions were defined as areas with exten-
sive remyelination covering at least 60% of the lesion
surface.10

Lesion Segmentation and QSM Lesion
Classification
WM lesions were manually segmented in 3D EPI images
and 3D FLAIR images (authors R.R. and R.G.).

The classification of WM lesions (n = 63) in post-
mortem QSM (at intensity range � 200) was performed
by an experienced rater (author R.R.) without prior infor-
mation about neuropathological lesion types, and the sen-
sitivity and specificity of QSM classification to detect
remyelinated lesions, chronic inactive, and chronic active
MS lesions were reported.

QSM-Histopathology Correlation
A double-blinded analysis was performed to correlate the
classification of 63 WM lesions in postmortem QSM
images with their respective histopathological types. Reza
Rahmanzadeh classified lesions in QSM without any
knowledge about histopathological findings, whereas Erik
Bahn and Christine Stadelmann classified lesions histo-
pathological without being aware of the QSM-based
classification.

Statistical Analysis
We used GraphPad Prism version 8.0.0 for Windows,
GraphPad Software, San Diego, California, to assess the
sensitivity and specificity of the QSM-classification to
specific histopathological lesion groups.

Data Availability
The data that support the findings of this study are avail-
able upon reasonable request.

Results
In Vivo Cross-Sectional and Longitudinal Study
Classification of WMLs in Patients With MS on QSM

Maps. The WMLs (n = 1,621) showed distinct charac-
teristics within QSM maps and were classified as iso-
intense lesions (n = 476, 29.4%), hypo-intense lesions
(n = 69, 4.26%), hyperintense lesions (n = 846, 52.2%),
lesions with hypo-intense rims (hypo-rim; n = 20,
1.23%), and PRLs (n = 210, 13%; see Fig 2).

A total of 1,231 lesions were not included in this
classification due to (1) the presence of a large vessel tra-
versing the lesion area (75.62%, those were usually small

Figure 3: Lesions excluded from the QSM classification.
(A) Confluent lesions; (B) lesions crossed by one/more
vessels; (C) lesions in artifacts area. Lesions are magnified in
a rectangle on the bottom right and indicated with a red
arrow. QSM = quantitative susceptibility mapping. [Color
figure can be viewed at www.annalsofneurology.org]
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lesions where the majority of the volume was covered by a
hyperintense vessel), (2) susceptibility artifacts (19.96%),
and (3) confluency (4.42%; Fig 3).

Mean Susceptibility in all WMLs. We averaged quantitative
susceptibility, MWF, and NDI values in WM of HCs
and in NAWM of patients with MS. There was no signifi-
cant difference in age between patients with MS and HCs
(p > 0.05). The patient-wise average of magnetic suscepti-
bility in WMLs in patients with MS (n = 104) was not
different from the susceptibility in NAWM nor from the

WM in HCs (WM-HCs; p > 0.05). However, the average
susceptibility was lower in NAWM than in WM-HCs
(p = 0.014; Fig 4A).

Lesion-wise analysis of 2,852 WMLs showed that
the susceptibility in MS WMLs relative to PPWM
exhibited values ranging from �163.7 ppb to
+159.00 ppb (5.04 [0.99–13.52], median [interquartile
range]). Moreover, 814 of 2,852 WMLs (28.54%)
exhibited a negative relative susceptibility and 2,038 of
2,852 WMLs (71.46%) had a positive relative susceptibil-
ity (see Fig 4B).

Figure 4: Quantitative susceptibility, MWF, and NDI in QSM lesion types. (A) Average susceptibility in WMLs, NAWM, and WM-
HCs. (B) Lesion-wise relative susceptibility of WMLs compared to PPWM. (C) Comparison of mean relative susceptibility values
among QSM lesion types. (D–F) Comparison of susceptibility, MWF, and NDI values among QSM lesion types. (G–I) GMM
clustering of WMLs using mean lesion MWF, NDI, and susceptibility. *p < 0.05; **p < 0.001; ***p < 0.0001. GMM = Gaussian
Mixture Model; MWF = myelin water fraction; NAWM = normal-appearing white matter; NDI = neurite density index;
ppb = parts per billion; PPWM = peri-plaque white matter; QSM = quantitative susceptibility mapping; WM = white matter;
WM-HCs = white matter healthy controls; WML = white matter lesions. [Color figure can be viewed at www.
annalsofneurology.org]

September 2022 493

Rahmanzadeh et al: QSM distinguishes chronic MS lesion types

http://www.annalsofneurology.org
http://www.annalsofneurology.org


As to the relationship between susceptibility mea-
sures and disease duration, we found a significant correla-
tion between absolute/relative susceptibility in WMLs and
disease duration (r = �0.32 and p = 0.0009 and
r = �0.19 & p < 0.0001, respectively), but not for abso-
lute/relative susceptibility in NAWM and disease duration
(r = �0.09066 and p = 0.37).

Mean Susceptibility Comparison across QSM
Lesion Types
The comparison of the relative susceptibility across groups
revealed that hypo-intense lesions have lower relative mag-
netic susceptibility than iso-intense lesions (p < 0.0001),
iso-intense lesions exhibit lower relative magnetic suscepti-
bility than hyperintense lesions (p < 0.0001), and
hyperintense lesions show lower relative magnetic suscepti-
bility than PRLs (p < 0.0001; see Fig 4C).

Further, hypo-intense lesions in QSM images show
lower absolute magnetic susceptibility than iso-intense
lesions (p = 0.0081), iso-intense lesions show lower abso-
lute magnetic susceptibility than hyperintense lesions
(p < 0.0001), and hyperintense lesions show lower abso-
lute magnetic susceptibility than PRLs (p = 0.014; see
Fig 4D).

Comparison of Mean Susceptibility between
Lesions with Predominant Axon or Myelin Loss
WMLs (n = 85) exhibiting contralateral mirror areas
without focal lesions were selected and categorized into
lesions with dominant axon or myelin damage according
to the relative MWF and NDI changes. However, there
was no difference in the average susceptibility between
lesions with predominant axon or myelin damage
(4.06 � 17.67, 7.76 � 21.80, respectively; p > 0.05). In
addition, no difference was found when the mean NDI
was compared between lesions with positive and negative
relative susceptibility (0.36 � 0.11, 0.35 � 0.11, respec-
tively; p > 0.05).

MWF and NDI in QSM Lesion Types
Iso-intense lesions exhibited higher NDIs (p < 0.05) and
MWFs (p < 0.0001) compared with QSM-visible lesions.
Iso-intense lesions also exhibited lower NDIs compared
with that of NAWM and WM-HCs (both p < 0.0001).
On the other hand, the MWF of iso-intense lesions was
not different from that of NAWM or WM-HCs (both
p > 0.05). Nevertheless, iso-intense lesions exhibited
higher MWFs and NDIs than hyperintense lesions and
PRLs (both p < 0.0001; see Fig 3E, F). Last, there was no
difference in MWFs and NDIs between iso-intense and
hypo-rim lesions (both p > 0.05; see Fig 4E, F).

Hypo-intense lesions exhibited lower NDIs compared
with that of NAWM and WM-HCs (both p < 0.0001).
On the other hand, the MWF of hypo-intense lesions was
not different from that of NAWM or WM-HCs (both
p > 0.05). In comparison with other QSM lesion types,
hypointense lesions showed higher MWFs and NDIs than
did hyperintense lesions and PRLs (both p < 0.0001; see
Fig 4E, F). The MWF was lower in hypo-rim lesions than
in hypo-intense lesions (p < 0.05; see Fig 4E, F), however,
the NDI did not differ (p > 0.05; see Fig 4E, F).

Hyperintense lesions exhibited lower MWFs and
NDIs compared with that of NAWM and WM-HCs
(both p < 0.0001), and higher MWFs and NDIs com-
pared with that of PRLs (p = 0.0029 and p < 0.001; see
Fig 4E, F, respectively). In addition, PRLs showed lower

Figure 6: MWF changes in iso- and hypo-intense lesions at
follow-up (TP2) compared to baseline (TP1). (A) MWF
increases in the majority of lesions that are hyperintense at
TP1 and iso-intense at TP2. (B) MWF is stable in lesions that
are iso-intense at TP1 and hypo-intense at TP2.
MWF = myelin water fraction; TP1 = timepoint1;
TP2 = timepoint2. [Color figure can be viewed at www.
annalsofneurology.org]

Figure 5: Lesion size comparison across QSM lesion types.
*p < 0.05; **p < 0.001; ***p < 0.0001. Iso = iso-intense; ns =
not significant; QSM = quantitative susceptibility mapping.
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MWFs and NDIs compared with WM-HCs, NAWM,
and all other QSM lesion types (all p < 0.01; see
Fig 4E, F).

Comparison of Lesion Size Across QSM Lesion
Types
Hypo-intense lesions and iso-intense lesions were smaller
than hyperintense lesions (both p < 0.0001), which in
turn were smaller than PRLs (p < 0.05; Fig 5).

Comparison of QSM Lesion Type Frequency
between RRMS and PMS and between Different
Anatomic Locations
There was no difference in the frequency of QSM
lesion types between patients with RRMS and PMS (see
Fig 1; all p > 0.05). PRLs were predominantly located
in PV regions (p < 0.05) and hypo-intense lesions
mainly in JC areas (p < 0.001). Iso-intense and
hyperintense lesions were evenly distributed across PV,
DW, and JC regions.

Figure 7: Histopathology and postmortem QSM of remyelinated lesions. A1–D1: MBP (brown)-MHC II (blue) double IHC in
exemplary fully (B-1) or partially (A1, C1, D1) remyelinated lesions. A2–D2: DAB-enhanced TBB (brown) - MHC II (blue) staining
showing macrophages/activated microglia containing (D1; red arrow) or lacking iron (A1–C1; yellow arrow); A3–D3: BCAS1 IHC
showing non-compact myelin and, in D-3, newly formed myelinating oligodendrocytes; A4–D4: postmortem QSM showing fully
(B-1) or partially (A1, C1, D1) remyelinated lesions. [Color figure can be viewed at www.annalsofneurology.org]
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Figure 8: Histopathology and postmortem QSM of chronic inactive and chronic active lesions. E1–F1: MBP - MHC II staining of
chronic inactive lesions. E2–F2: TBB (brown) - MHC II (blue) staining of macrophages/activated microglia containing (E2; red
arrow) or lacking iron (F2; yellow arrow). E-3, F-3: Postmortem QSM showing a corresponding hyperintensity for chronic
inactive lesions. G1–H1: MBP - MHC II IHC of chronic active lesions showing extensive demyelination. G2–H2: TBB (brown) -
MHC II (blue) staining showing iron-laden macrophages/activated microglia at the lesion edge (red arrow). G-3, H-3:
Postmortem QSM revealing a hyperintense paramagnetic rim in chronic active lesions. BCAS1 = breast carcinoma-amplified
sequence 1; IHC = immunohistochemistry; MBP = myelin basic protein; MHC II = major histocompatibility complex II;
QSM = quantitative susceptibility mapping; TBB = DAB-enhancedTurnbull’s blue. [Color figure can be viewed at www.
annalsofneurology.org]
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Longitudinal Evaluation of Iso- and Hypo-intense
Lesions
To confirm our cross-sectional observations suggesting
that iso- and hypo-intense lesions were remyelinated
lesions, we performed a longitudinal study in 40 patients.
Specifically, we assessed how MWF changed between
baseline MRI and follow-up MRI in lesions that appear
iso- and hypo-intense in QSM maps at follow-up.

Out of 325 WM lesions in follow-up QSM,
18 lesions were iso- and hypo-intense and had a
corresponding lesion in baseline QSM images.

Of those, 8 of 18 hypo- and iso-intense lesions at
follow-up were iso- or hypo-intense, respectively, at base-
line. In these lesions, MWF remained overall stable over
time (average increase of 3.61%, mean MWF base-
line = 8.15, and TP2 follow-up = 8.47; Fig 6).

However, 10 of 18 hypo/iso-intense lesions at
follow-up were hyperintense at baseline: those lesions
showed an average increase of 33.55% in MWF (mean
MWF baseline = 7.39 and follow-up = 8.45).

Clustering of Iso-/Hypo-intense Lesions vs PRLs
To confirm that the qualitative appearance of QSM lesion
types represents lesions with different MWFs, NDIs, and
susceptibility, a GMM was applied to the lesion groups
exhibiting the highest and lowest MWF and NDI mean
content.

When PRLs and hypo-intense/iso-intense lesions
were considered, the GMM identified 2 clusters: 80.23%
of PRLs clustered in the area with low MWF and NDI
values (see yellow cluster in Fig 4G–I), whereas 72.55%
of hypo-intense and 68.15% of iso-intense lesions clus-
tered in the area with high MWF and NDI values (see
purple cluster in Fig 4G–I).

Histopathology and QSM Study
To further investigate the relationship between QSM
lesion types and histopathological lesion categories, we
performed a histopathology-QSM study in 3 brains
including 63 WM MS lesions.

Eight out of 9 (88.88%) remyelinated lesions/areas
appeared iso- or hypo-intense in QSM maps. However, all
lesions (8 out of 8–100%) detected as iso and hypo-intense
in QSM were remyelinated lesions/areas (Fig 7-A–D). The
only remyelinated lesion not appearing iso- or hypo-intense
was hyperintense (n = 1) in QSM images. This
hyperintense remyelinated lesion was characterized by iron-
rich macrophages/activated microglia and incomplete
remyelination (see Fig 7-D).

Ten out of 14 (71.43%) chronic inactive lesions/
areas appeared hyperintense in QSM maps and the other
4 were PRLs (28.57%). Ten out of 14 QSM hyperintense
lesions were chronic inactive lesions/area without signs of
lesion activity (Fig 8-E–H) and the remaining 4 were
chronic active (n = 3) and remyelinated lesions (n = 1)
with iron-laden macrophages/microglia.

Thirty-seven out of 40 (92.5%) chronic active
lesions/areas appeared as PRL in QSM maps and the
remaining 3 as hyperintense lesions (7.5%). On the other
hand, 39 out of 42 (92.85%) QSM PRLs appeared as
chronic active lesions/areas with iron-laden macrophages/
microglia at lesion border (Fig 8-G, H) and the remaining
3 were chronic inactive (n = 3).

Table 2 summarizes the sensitivity and specificity of
QSM classification to identify distinct neuropathological
MS lesions types.

Discussion
In this work, we identified 5 QSM lesions types in vivo in
patients with MS and quantified their relative axon and
myelin content using myelin-water and diffusion imaging.
These 5 QSM lesion types exhibited imaging features that
were compatible with specific histopathological lesion sub-
types, namely (1) remyelinated (iso- and hypo-intense
lesions), (2) chronic inactive (hyperintense lesions), and
(3) chronic active/smoldering lesions (PRLs). An addi-
tional combined postmortem QSM-histopathology study
confirmed these associations.

Table 2. Sensitivity and Specificity of QSM Classification to Distinct Histopathological MS Lesion Types

Histopathological MS lesion types
QSM-lesion
phenotype

QSM classification
sensitivity

QSM classification
specificity

Remyelinated Iso-/hypo-intense 88.89% 100%

Chronic inactive Hyperintense 71.43% 92.00%

Chronic active Rim+ lesions 92.86% 86.36%

QSM = quantitative susceptibility mapping; MS = multiple sclerosis.
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Previous work related some characteristics of MS
lesions on QSM maps to lesion age and to the presence of
acute and chronic focal inflammation. Specifically, acute
lesions were shown to exhibit susceptibility values that
were very close to that of the surrounding NAWM,7

whereas chronic active/smoldering lesions were described
as plaques with a paramagnetic rim, which corresponds to
iron-rich macrophages and activated microglia
(PRLs).6,7,47

In this study, we identified several QSM lesion types
that had been previously described (PRLs, hyperintense,
and isointense lesions48) and some other rarer types that
we report here for the first time (hypo-intense and hypo-
rim lesions). Furthermore, we present new evidence indi-
cating that QSM lesion types differ substantially in their
myelin and axon content, as measured by surrogate imag-
ing measures, such as MWF and NDI.

In accordance with previous neuropathological49 and
imaging studies,50 the majority of WMLs in this cohort of
patients with MS showed a positive relative susceptibility
on QSM maps (hyperintense lesions). This is probably
driven by iron accumulation in microglia, macrophages,
and oligodendrocytes51 (especially when the relative sus-
ceptibility is >60 ppb52) and/or by loss of myelin integ-
rity.3,52–54

Interestingly, the range of relative magnetic suscepti-
bility within each QSM lesion subtype was found to be
quite broad suggesting that the pathological features
within each lesion group are part of a spectrum and/or
that the surrounding NAWM is variably affected in differ-
ent patients.

Magnetic susceptibility across QSM lesion subtypes
was also inversely related to the MWF and NDI (see
Fig 2D–I). Lesions with the highest relative susceptibility
(ie, PRLs and hyperintense lesions) also showed the lowest
MWFs and NDIs, suggesting that iron deposition in those
lesions lead to pro-inflammatory microglia-activation and
to amplification of neurodegeneration.5,55,56

Our results show that although most of the WMLs
in patients with MS exhibit higher susceptibility compared
with the one measured in the immediate PP tissue (ie,
positive relative susceptibility), both absolute and relative
susceptibility decrease in the course of the disease. These
results further confirm previous findings reporting a
decrease in relative susceptibility in chronic MS lesions in
comparison with other “moderately aged” lesions,7 and
point either to a relative accumulation of iron in
NAWM57 or to a progressive loss of iron-rich cells (eg,
activated microglia and oligodendrocytes) in WML.57–59

PRLs have been previously described as QSM lesions
characterized by a rim of activated and iron-rich microglia
with accompanying smoldering demyelination and axonal

loss.4,6 Both our in vivo and postmortem results con-
firmed that these plaques are characterized by extensive
myelin and axon damage and provided additional evidence
that PRLs correspond to chronic active/smoldering lesions
with high sensitivity and specificity (Table 2).3,4,6,47,60

Our data also showed that hyperintense QSM
lesions have high susceptibility and low mean MWFs and
NDIs, suggesting extensive myelin/axon damage.49 This
was confirmed by our histopathological-MRI study, which
revealed that QSM hyperintense lesions mostly correspond
to chronic inactive plaques with extensive demyelination.
Interestingly, a minority of histopathologically defined
chronic inactive lesions (3/14) exhibited a paramagnetic
rim in postmortem QSM, which did not correspond to
iron accumulation within microglia/macrophages but,
rather, to pronounced demyelination at the lesion edge.
Last, consistent with previous QSM studies performed
in vivo7,49,61 and work focusing on chronic inactive
lesions postmortem,8 QSM hyperintense lesions were
found to be the most frequent QSM lesion type in our
cohort of patients.

Additionally, we identified a new QSM lesion type,
hypointense QSM lesions, which showed the lowest sus-
ceptibility and the highest myelin and axon content com-
pared with other QSM lesion types, suggesting that they
may represent remyelinated plaques. The average MWF in
these lesions was at the level of that measured in NAWM
and in the WM of HCs. Moreover, it was higher than
that of other QSM lesion types, including PRLs, hypo-
rim, and hyperintense lesions. In line with this, fully
remyelinated lesions with scarce macrophages/activated
microglia and no signs of actively remyelinating oligoden-
drocytes62 appeared hypointense in postmortem QSM.

It remains unclear why an MS lesion appears hypo-
intense in QSM images. It may be due to the different
diamagnetic properties of the remyelinated axons showing
thinner myelin and shorter internodal lengths63,64 and/or
to their relatively low iron content compared with the
peri-plaque region.65 Supporting the latter explanation is
the fact that hypo-intense lesions are predominant in the
juxtacortical area, which is a region particularly rich in
iron.65 Thus, if myelin, but not iron, is restored in the
lesion, remyelinated areas in this region may appear hypo-
intense. Future studies focusing on this QSM lesion sub-
type may help to define the mechanisms driving this sus-
ceptibility change in QSM maps.

Iso-intense lesions have myelin content similar to
that of hypo-intense lesions and higher than that of other
QSM lesion types. However, iso-intense lesions exhibit
higher susceptibility compared to that of hypo-intense
lesions, probably due to higher iron content or incomplete
remyelination, as evidenced postmortem. Given that acute
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lesions show susceptibility that is very close to that of
PPWM,7 Gd-enhancing lesions detected within a
3-month window of this study were excluded to avoid the
inclusion of acute lesions in the isointense QSM lesion
group.

Iso- and hypo-intense lesions exhibited 100% speci-
ficity to histopathologically defined remyelinated lesions.
However, one remyelinated lesion appeared rather
hyperintense leading to a sensitivity of 89%, probably due
to the presence of iron-laden macrophages/microglia and
incomplete remyelination. Hence, it appears that iso- and
hypo-intensity in QSM indicates complete focal
remyelination with no active microglia or macrophages.
This interpretation is not only strongly suggested by our
postmortem results, but was also confirmed by the fact
that baseline hyperintense lesions that converted to iso-
and hypo-intense lesions at follow-up exhibited an average
33.55% increase in MWF.

Further supporting the fact that hypo-intense and
iso-intense lesions are most probably fully remyelinated
plaques is the observation of significantly less axon damage
in these lesions compared with other lesions (as measured
by NDI), as it was reported in previous neuropathological
studies.66,67

Last, MS lesions rarely appear with a hypo-intense
rim around a relatively hyperintense center in QSM. We
hypothesize that lower susceptibility at the edge of the
lesions compared with the center could signify destructive
damage leading to tissue loss, probably in late stages of
chronic active/smoldering lesions. Unfortunately, none of
these lesions were identified in the 2 brains evaluated post-
mortem, which could be due to the rarity of this lesion
type. Therefore, further studies will be needed to fully test
this hypothesis.

It should be noted that although excessive iron accu-
mulation may put demyelinated axons under devastating
oxidative stress,15,51 our data showed that axonal damage
did not differ between lesions with positive relative suscep-
tibility and lesions with negative relative susceptibility.
Further, susceptibility was not different between lesions
with predominant-axonal damage and those with
predominant-myelin damage. The contribution of both
iron and myelin content to QSM susceptibility53 as well
as the dual role of iron in oxidative damage15,51 and in
fostering remyelination and repair68 may partly account
for these findings.

Interestingly, PRLs were mainly located around the
ventricles, a region characterized by destructive plaques,
possibly owing to the release of immune cells and cyto-
kines from the ventricles.69,70 In contrast, hypo-intense
lesions were mainly located in the juxta-cortical area,
which is a region with potentially high remyelinating

capacity because of the presence of numerous oligoden-
drocyte precursor cells.10,71 Surprisingly, however, the dis-
tribution of QSM lesion types did not differ between
patients with RRMS and PMS in our cohort. This shows
once more that differences in MS lesion types are not
associated with different clinical phenotypes.72 It is cur-
rently not clear whether RRMS and PMS are different
pathological entities or different presentations of the same
disease. Previously, we have shown that distribution of
axon and myelin pathology in both focal lesions and in
NAWM is similar between RRMS and PMS,42 a finding
that is in line with neuropathological studies showing that
WMLs in PMS and RRMS are qualitatively similar.58,72

Our current data showing that there was no significant
difference in the frequency of QSM lesion types between
patients with RRMS and PMS further corroborate the
similarities in focal pathology between patients with
RRMS and PMS.

One limitation of the current study is that a
contrast-agent was not used for the identification of acute
lesions at the time of MRI, therefore, some of the iso-
intense lesions might have been acute lesions; however, a
conventional MRI with gadolinium injection was per-
formed within 3 months of the advanced MRI performed
in this study, which allowed a reasonable exclusion of
acute lesions from the classification. Another limitation of
this work is that a histopathological correlate of hypo-
intense rim lesions could not be identified due to their rar-
ity. Future studies including a larger number of autoptic
evaluations should clarify the nature of this type of lesion.
Further, a limited number of brains from patients with
progressive MS were used for imaging-histopathology ana-
lyses. This, together with the fact that those patients were
in their middle-elderly years, might well have influenced
the extent of focal remyelination processes that were
identified.

In addition, we excluded several MS lesions from
the current classification because they were either traversed
by multiple vessels or confluent, or affected by streaking
artifacts. Future work should therefore aim to further
refine the reconstruction of QSM maps to minimize the
impact of artifactual areas in the lesion classification on
QSM maps; besides, multiparametric studies should be
planned to assess the combined information of QSM
maps and other microstructural brain maps, such as quan-
titative T1, for a more comprehensive classification of
lesion heterogeneity in MS.73

To date, numerous treatments are available that tar-
get the acute inflammatory component of MS; however,
drugs fostering remyelination and repair are lacking. The
identification of imaging biomarkers of axonal and myelin
repair is fundamental to drive the development of targeted
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neuroprotective and reparative drugs. This work provides
new evidence that QSM maps may be used to identify
fully remyelinated lesions in vivo in patients with MS,
providing a perspective to evaluate, at least in part, the
repair capacity of existing and novel MS therapies using a
single scan.

As to the potential application of this classification
in clinical practice: susceptibility-based acquisition
methods are feasible in clinical practice and data suitable
for QSM evaluations may be acquired with both gradient-
echo (GRE) type or EPI type of sequences. Nevertheless,
further work is still required to integrate available QSM
reconstruction algorithms into the clinical neuroradiologi-
cal workflow.

In summary, our findings show that QSM maps per-
mit the classification of MS lesions with various extents of
damage and repair to myelin and axons. In addition, our
multiparametric cross-sectional and longitudinal data,
together with our double-blinded postmortem analyses,
showed that QSM provides highly sensitive and specific
biomarkers of completed remyelination.
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