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Abstract

Background: Inflammation in chronic active lesions occurs behind a closed

blood–brain barrier and cannot be detected with MRI. Activated microglia are

highly enriched for iron and can be visualized with quantitative susceptibility

mapping (QSM), an MRI technique used to delineate iron. Objective: To char-

acterize the histopathological correlates of different QSM hyperintensity pat-

terns in MS lesions. Methods: MS brain slabs were imaged with MRI and

QSM, and processed for histology. Immunolabeled cells were quantified in the

lesion rim, center, and adjacent normal-appearing white matter (NAWM).

Iron+ myeloid cell densities at the rims were correlated with susceptibilities.

Human-induced pluripotent stem cell (iPSC)-derived microglia were used to

determine the effect of iron on the production of reactive oxygen species (ROS)

and pro-inflammatory cytokines. Results: QSM hyperintensity at the lesion

perimeter correlated with activated iron+ myeloid cells in the rim and NAWM.

Lesions with high punctate or homogenous QSM signal contained no or mini-

mally activated iron� myeloid cells. In vitro, iron accumulation was highest in

M1-polarized human iPSC-derived microglia, but it did not enhance ROS or

cytokine production. Conclusion: A high QSM signal outlining the lesion rim

but not punctate signal in the center is a biomarker for chronic inflammation

in white matter lesions.

Introduction

A pathological hallmark of MS is acute inflammatory

demyelination of white matter. Because demyelination is

associated with the breakdown of the blood–brain barrier

(BBB), acute lesions can be visualized with an accumula-

tion of gadolinium (Gd). In contrast, chronic inflamma-

tion in the perimeter of established lesions takes place

behind a closed BBB and cannot be detected with conven-

tional MRI. We and others have shown that smoldering

innate inflammation in chronic active lesions is associated

with iron accumulation within microglia and post-de-

myelinating macrophages.1–5

Iron can be visualized and quantified with QSM, an

MRI technique that exploits tissue susceptibilities. Tissue

becomes magnetized in response to a magnetic field that

arises from unpaired electrons in iron or external sources

such as contrast agent; the extent of this magnetization is

known as susceptibility.6 QSM increases in response to

iron accumulation and loss of myelin, and has several

in vivo applications such as quantifying iron overload in

Parkinson’s disease7 and amyotrophic lateral sclerosis,8

and visualization of subthalamic nuclei for deep brain

stimulation.9 In MS patients, QSM studies have shown

distinct susceptibility patterns in a subpopulation of white

matter lesions, including lesions with hyperintense

rims.2,10–13 Moreover, we have established a timeline for

susceptibility changes in developing white matter lesions

in retrospective and ongoing prospective studies.11,14 We

found that tissue susceptibility in early, Gd-enhancing
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white matter lesions are isointense, increases rapidly after

enhancement, plateaus, and decays slowly to levels similar

to that of NAWM over an average of 6–8 years.14 The

long-term persistence of iron-related inflammation in the

perimeter of established lesions suggests an important role

for chronically activated, iron+ myeloid cells in MS patho-

genesis.

Here we combined QSM with subsequent histological

evaluation of MS autopsy tissue to (1) demonstrate quan-

titatively that high QSM signal at the lesion rim correlates

with iron+ myeloid cells, (2) identify the histological cor-

relates of QSM patterns, and (3) characterize the activa-

tion states of iron+ and iron� myeloid cells in situ and

in vitro.

Materials and Methods

Postmortem experiments

MS tissue

We obtained from the Rocky Mountain MS Center Tissue

Bank formalin-fixed coronal brain slabs from 16 MS

patients. All lesions included in this study were located in

the periventricular and deep white matter of the cere-

brum; lesions from the optic nerve, brain stem, cerebel-

lum, and spinal cord were excluded. Patient

demographics, disease course, and lesion details are listed

in Table 1.

MR imaging

Formalin-fixed postmortem brain specimens were embed-

ded in 1% agarose and scanned on 3T clinical MRI scan-

ners (GE Healthcare, Milwaukee, WI; SIEMENS,

Erlangen) using the product head coil. The typical imag-

ing protocol consisted of 2D T2-weighted fast spin echo

sequence (voxel size = 0.5 9 0.5 9 1.0 mm3,

TE = 57 msec, TR = 6.8 sec, readout bandwidth

(rBW) = 195 Hz/pixel, echo train length = 23, number of

signal averaging = 6) for lesion identification, and 3D

multi-echo gradient echo (GRE) sequence (voxel

size = 0.5 9 0.5 9 0.5 mm3, first TE = 3.7 msec,

DTE = 6.6 msec, TR = 42 msec, flip angle = 20 degrees,

rBW = 163 Hz/pixel) for QSM. QSM images were recon-

structed using morphology enabled dipole inversion.15

Lesion classification

White matter lesions were classified on QSM by SZ and

WH; UK and SAG resolved any disagreements. We identi-

fied MS lesions based on T2FLAIR hyperintensity, and then

used the corresponding QSM images to classify lesions as

hyperintense, hypointense, or isointense on QSM.

Hyperintense lesions on QSM were characterized as having

susceptibility greater than surrounding normal-appearing

white matter. Hypointense lesions on QSM were defined as

having susceptibility lower than that of surrounding nor-

mal-appearing white matter. Isointense lesions were indis-

tinguishable on QSM because their susceptibility was equal

to that of normal-appearing white matter. The different

patterns of hyperintensities include (1) low grade, homoge-

neous susceptibility in the lesion center, (2) high suscepti-

bility puncta in the lesion center, and (3) hyperintense

lesion rim. All QSM hyperintense lesions displayed low-

grade homogeneous susceptibility in the center, which is

presumably caused by the absence of myelin. In addition,

some lesions displayed high susceptibility puncta within the

lesion center and high susceptibility at the lesion rim. In

order to determine the susceptibility in the center (either

low-grade homogenous or high susceptibility puncta), we

segmented the lesion center. In order to quantify suscepti-

bility in the lesion rim, we segmented the lesion rim. QSM

measurements were obtained using ITK-SNAP (version

3.8.0; http://itksnap.org/).

Immunohistochemistry

After MRI, lesions were excised, embedded in paraffin,

and cut into 5 lm sections. Sections were deparaffinized

in xylene, rehydrated, and antigen retrieval was performed

with 10mM sodium citrate buffer (pH 6) for 20 min. Sec-

tions were quenched, blocked, and incubated overnight

with primary antibodies against myelin basic protein

(MBP, Dako A0623, 1:500), CD68 (mi-

croglia/macrophages; CellSignaling #76437, 1:500), iNOS

(inducible nitric oxide synthase; Novus NB120-15203,

1:300), Ferritin (abcam ab75972, 1:100), CD206 (abcam

ab117644, 1:200), and MerTK (tyrosine-protein kinase

MER; abcam ab52968, 1:500). Tissue was processed with

the appropriate biotinylated secondary antibodies and avi-

din/biotin staining kit with diaminobenzidine (DAB) as

chromogen (Vector Laboratories ABC Elite Kit and DAB

Kit). Negative controls included isotype-controls and

absence of immunolabeling in tissues that do not express

the above antigens. DAB-enhanced Perls’ Prussian blue

was used to detect ferric iron. Slides were immersed in

4% ferrocyanide/4% hydrochloric acid for 30 min in the

dark, and staining was enhanced through incubation with

DAB for 30 min at room temperature. After staining, all

sections were rinsed, dehydrated, cover-slipped, and digi-

tized using a Mirax digital slide scanner.

Cell counting

Regions of interest (ROIs; 0.3 � 0.18 mm2) were drawn

in the lesion center, rim, and NAWM. For each lesion,
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we placed two ROIs in the center, three ROIs in the rim

and two ROIs in the NAWM. For lesions with a partial

QSM rim, we counted four ROIs in the rim: two ROIs

corresponding to regions of high susceptibility and two

ROIs in corresponding to regions with low susceptibility.

Rims were defined histologically based on the density of

CD68+ cells at the lesion rim. NAWM ROIs were sampled

0.57 � 0.24 mm from the outer rim edge in iron� lesions

and 1.24 � 0.52 mm from the outer rim edge in iron+

lesions.

DAB-positive cells were counted manually and classi-

fied as microglia or macrophage based on morphological

appearance, including ramification and soma size by two

observers blinded to QSM.16 Counts were averaged and

cell density was calculated based on ROI area. To correct

for differences in rim size, linear density (cells/mm) was

calculated by multiplying density (cells/mm2) by rim

thickness (mm).

Blood vessel quantification

Blood vessels within the lesion that contained >10,000 µm2

area of fixated blood were manually segmented and summed.

In vitro experiments

Generation of microglia cells from induced
pluripotent stem cells

Induced pluripotent stem cells (iPSCs) derived from skin

biopsies of five healthy donors were differentiated into

microglia.17 Briefly, iIPSCs were cultured on matrigel-

coated plates in mTeSR1 medium supplemented with Y-

27632 (ROCK inhibitor) until 50–60% confluency. Culture

medium was switched to customized mTSeR medium

(mTSeR1 without LiCl, GABA, Pipecolic Acid, bFGF, and

TGFb1) supplemented with 80 ng/mL BMP4. The medium

Table 1. Patient demographics, disease course, and lesion details.

Case

Age

(y) Sex

PMI

(h)

Disease

course

Disease

duration (y)

T2

lesions

QSM lesion

intensity
QSM lesions with histology data Lesion#; QSM

pattern (Histology)Hypo Iso Hyper

MS 1 46 M 11 RRMS 9 5 0 0 5 L1; Heterogeneous, rim+ (Chronic active, iron+)

L2; Heterogeneous, rim+ (Chronic active, iron+)

L3; Heterogeneous, rim+ (Chronic active, iron+)

L4; Heterogeneous, rim+ (Chronic active, iron+)

MS 2 45 F 20 SPMS 19 20 6 4 10 L1; Heterogeneous, rim� (Chronic active, iron�)

L2; Heterogeneous, rim� (Chronic active, iron�)

L3; Heterogeneous, rim� (Chronic active, iron�)

L4; Heterogeneous, rim� (Chronic silent, iron�)

MS 3 38 M 24 SPMS 8 5 0 0 5 L1; Heterogeneous, rim� (Chronic active, iron�)

L2; Heterogeneous, rim+ (Chronic active, iron+)

L3; Heterogeneous, rim+ (Chronic active, iron+)

L4; Heterogeneous, rim+ (Chronic active, iron+)

MS 4 42 M 5.5 SPMS 12 8 0 0 8 L1; Heterogeneous, rim+ (Chronic active, iron+)

L2; Homogeneous, rim� (Acutely demyelinating)

L3; Homogeneous, rim+ (Chronic active, iron+)

MS 5 60 F 12 PPMS Unknown 10 0 0 10 L1; Homogeneous, rim� (Chronic silent, iron�)

L2; Heterogeneous, rim� (Chronic active, iron�)

MS 6 63 M 9 SPMS 29 2 0 1 1 L1; Homogeneous, rim� (Chronic silent, iron�)

MS 7 60 M 11 SPMS 18 1 0 0 1 L1; Homogeneous, rim� (Chronic silent, iron�)

MS 8 74 F 7 SPMS 31 3 0 0 3 L1; Homogeneous, rim� (Chronic silent, iron�)

MS 9 36 M 24 RRMS 7 9 1 3 5 N/A

MS10 37 M 19 RRMS 5 9 6 1 2 N/A

MS11 60 F 33 SPMS 25 7 6 1 0 N/A

MS12 61 F 23 SPMS 31 5 1 3 1 N/A

MS13 74 F 24 SPMS 21 3 1 1 1 N/A

MS14 57 F 6 SPMS 29 0 0 0 0 N/A

MS15 72 F 17 SPMS 30 0 0 0 0 N/A

MS16 80 M 17 Stable,

chronic

unknown 5 4 0 1 N/A

PMI, post-mortem interval; RRMS, relapsing-remitting multiple sclerosis; PPMS, primary progressive multiple sclerosis; SPMS, secondary progressive

multiple sclerosis.
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was exchanged daily. After 4 days, the medium was

switched to StemPro-34 supplemented with 2 mmol/L Glu-

tamax, 25 ng/mL bFGF, 100 ng/mL SCF, and 80 ng/mL

VEGF. After 2 days, the medium was switched to StemPro-

34 supplemented with 2 mmol/L Glutamax, 50 ng/mL

SCF, 50 ng/mL IL-3, 5 ng/mL TPO, 50 ng/mL M-CSF, and

50 ng/mL Flt-3. After 14 days, floating cells were collected

and immature microglia progenitors were purified with

anti-CD14 coupled magnetic beads (Miltenyi). Purified

progenitors were differentiated into microglia by culturing

with RPMI-1640 supplemented with 2 mmol/L Glutamax,

10 ng/mL GM-CSF and 100 ng/mL IL-34, and medium

exchange every other day for 14 days. IPSC-derived micro-

glia were polarized toward an M1 phenotype by incubation

with LPS (1 mg/mL) and IFN-c (100 U/mL) or an M2 phe-

notype with IL-4 (20 ng/mL) for 3 days.1

Radioactive iron uptake and reactive oxygen
species assays

To quantify iron uptake, microglia were cultured with

HBSS containing 0.5 lmol/L iron(III)sulfate and 55Fe

(1 lCi, ferric chloride in 0.5 mol/L HCl; PerkinElmer) at

a 100:1 for 24 h at 37 °C. Cells were transferred onto ice,

washed twice with ice-cold HBSS, and lysed with 0.1 N

NaOH. [55Fe] radioactivity was measured using a scintil-

lation counter and counts were normalized to total pro-

tein level per sample. ROS generation was assessed by

adding 1:5000 CellROX� (Life Technologies) 30 min

prior to fluorescence measurement in a microplate reader.

Quantitative RT-PCR

Total RNA from iPSC-derived microglial cells was

extracted using the miRNeasy� Mini Kit (Qiagen). Quan-

titative real-time PCR was run on a StepOneTM Real-time

PCR system (Life Technologies) and data were analyzed

based on the DDCT method with normalization of the

raw data to the HPRT housekeeping gene.

Protein detection

Cytokine release was quantified by Enhanced Sensitivity

Cytometric Bead Array (IL10, CXCL10, VEGF, and CCL2;

BD Biosciences) or by sandwich ELISAs (DuoSet ELISA for

IL6, IL1b, and TNFa; R&D Systems). Supernatants were

assayed according to the manufacturer’s instructions.

Statistical analysis

Data were analyzed by Student’s unpaired t-test, or one-

way ANOVA followed by the Tukey–Kramer multiple

comparison test.

Results

Histological correlates of susceptibility
patterns of MS lesions on MRI

We imaged 16 brain slabs from 16 MS patients with T2/

FLAIR and QSM sequences. On T2/FLAIR, we identified

92 white matter lesions of which 53 (57.6%) contained

QSM hyperintense signal. The remaining 39 lesions were

isointense (n = 14; 15.2%) or hypointense (n = 25;

27.2%) with respect to nearby NAWM.

We focused our analyses on the 53 white matter lesions

that were hyperintense on QSM. All lesions displayed

homogenous susceptibility slightly above that of NAWM

(QSM+; 13.57 � 16.28 ppb; Fig. 1A). In addition, we

classified QSM+ lesions as having a hyperintense lesion

rim (58.20 � 13.84 ppb), a center with hyperintense

puncta (23.49 � 17.18 ppb), or a combination of both.

Of the 53 QSM hyperintense lesions, 10 lesions contained

both hyperintense rims and hyperintense puncta, 31

lesions contained high susceptibility puncta only, and one

lesion had a hyperintense rim but no hyperintense

puncta. 11 lesions displayed homogenous susceptibility

without hyperintense rim and puncta. High susceptibility

puncta were contained predominantly within the lesion

area as defined by T2/FLAIR hyperintensities, whereas

hyperintense rims were invariably located in the lesion

perimeter (Fig. 1B).

We processed 20 of 53 lesions for histochemical and

immunohistochemical evaluation. Since QSM signal in

the CNS is generated by loss of myelin and an increase in

iron, we stained lesion tissue with an antibody against

MBP and with Prussian blue (Perls’ stain) to detect ferric

(Fe3+) iron. MBP was absent from all 20 T2/FLAIR hyper-

intense lesions, consistent with complete demyelination

and corresponding to the homogeneous, low-intensity

susceptibility pattern on MRI. Moreover, no Perls staining

was present in the lesion parenchyma.

Next, we correlated high QSM signal intensity in the

rim of 9 lesions (n = 7 full rim; n = 2 partial rim) with

density of Perls’ and CD68-positive cells. QSM signal at

the lesion rim strongly correlated with iron present in

activated microglia (n = 8) and reactive astrocytes

(n = 1) (r2 = 0.77; Fig. 1C). In contrast, 10 QSM rim-

negative lesions showed no Perls staining at the lesion

rim and exhibited no or only minimally activated micro-

glia. One QSM rim-negative lesion was Perls negative and

showed acute demyelination.

Finally, because deoxygenated iron-containing hemo-

globin is a strong susceptibility source, we quantified

within lesions the number of blood vessels containing

fixed blood as well as the total area of vascular blood.

The majority of blood vessels were located within the
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lesion center rather than the lesion rim. Moreover, lesions

with high susceptibility puncta contained significantly

more blood-filled vessels (4.20 � 4.42 vessels vs.

0.17 � 0.41 vessels; p = 0.031) and a significantly greater

area of fixed blood (0.088 � 0.089 mm2 vs.

0.023 � 0.057 mm2; p = 0.041) than lesions without

puncta (Fig. 1D).

Myeloid cell distribution, morphology, and
marker expression in chronic active lesions

Next, we characterized myeloid cells in QSM rim-positive

and rim-negative white matter lesions. Iron+ myeloid cells

were present in chronic active lesions, with the highest

linear density (density (cells/mm2) multiplied by rim

thickness (mm)) at the lesion rim (average of 244.5 cells/

mm) extending into the NAWM (average of 378.4 cells/

mm).

The majority of myeloid cells in the lesion rim had

a globoid morphology, whereas a minority exhibited a

microglia-like ramified morphology.18 This ratio

changed toward a higher fraction of ramified cells in

the NAWM (Fig. 2A–C and G). Similarly, iron+ mye-

loid cells were predominantly globoid in the lesion rim

and predominantly ramified in the NAWM (Fig. 2H).

A fraction of QSM rim-negative lesions contained mye-

loid cells at the rim and adjacent white matter. These

cells exhibited a mildly to non-reactive ramified mor-

phology, were substantially less dense (average of

104.6 cells/mm at the rim, and 64.3 cells/mm in the

NAWM) and were iron� (Fig. 2D–H). Moreover, the

rim and NAWM were substantially larger in iron+ than

iron� lesions (Fig. 2I).

We further investigated the expression of markers for

proinflammatory activation (iNOS, ferritin), iron storage

(ferritin), pattern recognition (CD206), and phagocytosis

(MerTK)19–21 by myeloid cells within the lesion center,

rim, and perimeter. All markers were expressed in mye-

loid cells from iron+ lesions, and were absent or substan-

tially less expressed in iron� lesions, indicating that iron+

myeloid cells were highly activated, whereas iron� micro-

glia were minimally activated (Fig. 3).

Figure 1. QSM signal accumulates at the lesion rim and correlates with the density of Perls+ cells. (A) Three lesions depicted on T2 and QSM.

Left: QSM rim� lesion with homogeneous susceptibility; middle: QSM rim+ lesion; right: QSM rim� lesion with high susceptibility puncta. (B)

Representative QSM rim+ lesion with a hyperintense rim that is located outside of the lesion area as defined by T2 FLAIR (left), and corresponding

Perls stain (right). (C) Increased density of Perls+ cells correlates with increased susceptibility. Red dots represent rim+ lesions, black dots represent

rim� lesions. (D) Lesion with a central vein partially filled with fixed blood on Perls stain (left) visible on QSM (right).
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Proinflammatory activation of microglia is
associated with iron uptake

We further determined the impact of microglial activation

on iron uptake and the effect of iron accumulation on

the production of proinflammatory cytokines, using

human iPSC-derived microglial cells. Polarization of

iPSC-derived microglia with LPS/IFN-c (M1) and IL-4

(M2) resulted in specific morphological features described

in primary mouse microglia (Fig. 4A)18. Iron uptake was

increased in M1 and M0-polarized compared to M2-po-

larized microglia (Figure 4A and B), in agreement with

previously demonstrated preferential iron uptake of LPS-

stimulated monocyte-derived macrophages.1 Iron expo-

sure of unstimulated (M0), TNFa-stimulated, or LPS/

IFN-c-stimulated iPSC-derived microglia did not result in

a significantly increased production of ROS or proinflam-

matory markers (Figure 4D and E).

Discussion

In this study, we combined QSM of autopsied MS lesions

with histological analysis to investigate the potential of

susceptibility distribution as an imaging biomarker for

chronic inflammation. We observed three separate suscep-

tibility patterns: low grade, homogeneous susceptibility in

the lesion center, high susceptibility puncta in the lesion

center and hyperintense lesion rim. All QSM hyperintense

lesions displayed low-grade homogeneous susceptibility in

the center. A subset also contained high susceptibility

puncta within the center (termed heterogeneous lesions)

and others displayed high susceptibility at the lesions (ter-

med rim positive).

High susceptibility at the rim of white matter lesions

was strongly correlated with iron+ myeloid cells that

reached far into the lesion perimeter, in agreement with

other studies.2,3 This cellular distribution was consistent

with the observation that susceptibility was located out-

side of lesions as outlined by T2/FLAIR hyperintense sig-

nal. Iron+ myeloid cells expressed multiple activation

markers and displayed a primarily globoid morphology,

indicative of a highly activated state. QSM rim-negative

lesions either contained no or low numbers of iron�

microglia cells that expressed no activation markers.

Therefore, activated microglia in chronic active lesions

were invariably iron+, whereas iron� microglia at the

lesion rim were associated with minimal activation. In

this study, rim QSM signal was consistently associated

Figure 2. Distribution of myeloid cells in rim+ and rim� lesions. A representative rim+ lesion with (A) loss of myelin in the lesion center contains

(B) a high density of myeloid cells at the lesion rim and (C) Perls+ cells with an activated morphology. A representative rim� lesion with (D)

complete loss of myelin contains (E) a thin layer of myeloid cells at the lesion rim but (F) lacks Perls+ cells. (G–H) Histological quantification. (I)

Myeloid cells extend further into the NAWM of iron+ lesions as compared to iron� lesions. Bars represent mean + SEM of n > 10 ROIs. Average

linear density in Center, Rim, NAWM were compared between iron+ and iron� lesions to determine statistical significance. MBP, myelin basic

protein; *p < 0.05; **p < 0.01; ***p < 0.001.
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with iron+ pan-activated glial cells, suggesting high sensi-

tivity and specificity of this QSM pattern for innate

inflammatory activity.

In contrast, high susceptibility puncta within lesions

are likely to represent deoxygenated hemoglobin in blood

vessels, as puncta+ lesions contained significantly more

engorged blood vessels and more fixated blood within the

vessels than lesions without punctate susceptibility.

Finally, the homogeneous susceptibility in QSM+ lesions

is likely caused by lesional demyelination. We have

Figure 3. Distribution of activated myeloid cells iron+ and iron� lesions. Iron+ lesions contain globoid and ramified myeloid cells that express pro-

inflammatory (A) iNOS, (B) Ferritin and anti-inflammatory (C) CD206, (D) MerTK markers at higher density as compared to iron� lesions. Bars

represent mean + SEM of n > 10 ROIs. Total cells in Center, Rim, NAWM were compared between iron+ and iron� lesions to determine statistical

significance. iNOS, induction of nitric oxide synthase; *p < 0.05.

Figure 4. Iron uptake and production of reactive oxygen species in iPSC-derived microglia. (A) M0, M1, and M2 polarized microglia cells (48 h,

polarization with IFNc/LPS (M1) and IL-4 (M2)), stained with Perl’s staining after iron(III)sulfate exposure (B) Quantification of polarization-

dependent iron uptake by measurement of intracellular radioactive 55Fe. (One-way ANOVA (F = 21.58; p = 0.018); Tuckey–Kramer (M0 vs. M1

p = 0.0285; M0 vs M2 p = 0.0212; M1 vs. M2 p = 0.0015)). (C) CellROX measurements in unstimulated microglia cells, M1-polarized (LPS/IFNc),

and alternatively stimulated cells (TNFa) after 48 h incubation with iron(III)sulfate. (D) mRNA expression levels and (E) protein expression of a panel

of inflammation markers in M0 microglia and M1 polarized microglia cells after incubation with iron(III)sulfate (16 and 48 h).

ª 2021 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals LLC on behalf of American Neurological Association 883

K. M. Gillen et al. QSM is an Imaging Biomarker for Active MS Lesions



recently shown that denaturation of purified myelin

increases its susceptibility to similar levels observed in

white matter lesions.22

The association between susceptibility rims and innate

inflammation has been further confirmed in our recent

study of MS patients that combined QSM and PET imag-

ing with a radioligand for the microglia and astrocyte

activation marker 18 kDa translocator protein (TSPO).23

We demonstrated that TSPO binding at the lesion rim

co-localized with increased susceptibility.

In addition, we have shown in human iPSC-derived

microglia that their activation state determines the degree

of iron uptake, which was highest in LPS/IFN-c stimu-

lated, classically activated microglia. Iron uptake, however,

did not result in increased production of ROS or proin-

flammatory cytokines, possibly due to the use of ferric

iron rather than the more reactive ferrous iron. This is at

variance with previous reports of iron-induced enhanced

generation of ROS and TNF in M1-polarized but not in

non-polarized or M2-polarized human monocyte-derived

macrophages in vitro and in vivo.1,24 It has recently

become clear that the M1/M2 polarization paradigm is an

in vitro concept with no bearing on inflammation

in vivo, where myeloid cell phenotypes fall into categories

in which M1 and M2 expression profiles have no organiz-

ing value.25 Recent single-cell RNA-sequencing data of

microglia isolated from five patients with early active

MS26 has shed more light on the function of iron+ micro-

glia. A microglia subset that is present in MS lesions but

not in control-derived microglia, expressed high amounts

of FTH1 and FTL, which encode for the heavy and light

subunits of ferritin. This subpopulation also co-expressed

APOE, a marker for neurodegenerative microglia27 and

low amounts of genes associated with antigen-presenta-

tion and phagocytosis, consistent with the minor demyeli-

nating activity in chronic active lesions. A microglia study

in Alzheimer’s disease demonstrated a similar FTH1-ex-

pressing microglia phenotype.28

Taken together, our findings suggest that high QSM

susceptibility at the rim of white matter lesions is a highly

sensitive and specific imaging biomarker for chronic

innate inflammatory activity, whereas punctate or low-in-

tensity susceptibility within lesions is not related to

inflammation. Our in vitro data further implicate iron as

a biomarker for proinflammatory activation of myeloid

cells. The clinical relevance of QSM rim lesions for the

overall disease course is currently intensely investigated.

QSM is highly reproducible29 and can be included in rou-

tine clinical MRI protocols for monitoring MS patients.

The frequency of high susceptibility rims on QSM or

phase imaging in MS patients varies substantially between

studies, which is likely due to different MS patient

cohorts with differences in disease course and

inflammatory activity. In our study, 12.0% of all T2

lesions were rim positive, which is within the range of

previously reported results (1.6% to 32% of the overall

T2 lesion load1,3,4,30–32).

Rim-positive lesions have been shown to be more likely

to develop tissue damage (T1 black holes)4 and slowly

expand over time, suggesting a continuous albeit slow

demyelinating process.3 The significance of slowly

expanding lesions was recently highlighted by reports

whereby lesion expansion predicted disability progression

and poor clinical outcomes.33,34 Moreover, a recent study

found that activated microglia in the perilesional white

matter, as quantified with TSPO-PET, correlates with MS

progression.34,35 Given the co-localization of perilesional

TSPO binding with QSM signal and the long-lasting pres-

ence of increased rim susceptibility, suggests a link

between iron+ microglia and disease progression. It

remains to be demonstrated that QSM rims are more

prevalent in progressive MS and that reduction of lesional

iron content impacts on disease outcome. Prospective

studies that address these questions are currently under-

way.

Our study has focused on QSM hyperintense white

matter lesions; however, we also observed lesions on

T2/FLAIR that were QSM isointense (15.2%) or

hypointense (27.2%) relative to NAWM. We have pre-

viously reported that QSM isointensity occurs in MS

patients in Gd-enhancing lesions and in 24.5% of non-

enhancing lesions.11,14,36 Longitudinal studies suggest

that late chronic lesions eventually return to isointense

susceptibility.11,14 This could represent remyelination

although it is improbable that all lesions remyelinate.

Similarly, there is no satisfying histopathological expla-

nation for QSM hypointensity in MS lesions, which

underlines the need for additional QSM-histology cor-

relative studies.

There are several limitations to this study. While our

lesions were a homogeneous population to the degree that

they are all derived from periventricular and deep white

matter of the cerebrum, we recognize that different lesion

locations even within the cerebral white matter may result

in different iron content in microglia. In addition, it is

possible that activation patterns of iron-positive microglia

change with increasing chronicity. Finally, we focused

exclusively on lesions that were hyperintense on QSM.

We are now conducting additional studies to understand

the histopathological changes that result in hypo- or

isointense QSM signal.

In summary, our MRI and pathology investigations

provide further guidance on how to evaluate QSM hyper-

intensity signal in cerebral WM lesions of MS patients:

QSM hyperintensity in the lesion perimeter is indicative

of the presence of inflammatory iron+ myeloid cells at the
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lesion rim, whereas punctate or low-intensity homoge-

nous QSM patterns are not associated with inflammation.
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