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ORIGINAL RESEARCH
ADULT BRAIN

Quantitative Susceptibility Mapping of Time-Dependent
Susceptibility Changes in Multiple Sclerosis Lesions

X S. Zhang, X T.D. Nguyen, X S.M. Hurtado Rúa, X U.W. Kaunzner, X S. Pandya, X I. Kovanlikaya, X P. Spincemaille, X Y. Wang, and
X S.A. Gauthier

ABSTRACT

BACKGROUND AND PURPOSE: MR imaging studies have demonstrated that magnetic susceptibility in multiple sclerosis lesions is
dependent on lesion age. The objective of this study was to use quantitative susceptibility mapping to determine whether lesions with a
hyperintense rim, indicative of iron-laden inflammatory cells (rim�), follow a unique time-dependent trajectory of susceptibility change
compared with those without (rim�).

MATERIALS AND METHODS: We studied patients with MS with at least 1 new gadolinium-enhancing lesion and at least 3 longitudinal
quantitative susceptibility mapping scans obtained between 1.1 and 6.1 years. Lesions were classified as rim� if a hyperintense rim appeared
on quantitative susceptibility mapping at any time. A multilevel growth curve model compared longitudinal susceptibility among rim� and
rim� lesions.

RESULTS: Thirty-two new gadolinium-enhancing lesions from 19 patients with MS were included, and 16 lesions (50%) were identified as
rim�. Quantitative susceptibility mapping rim� lesions were larger than rim� lesions with gadolinium enhancement (P � .001). Among all
lesions, susceptibility increased sharply after enhancement to a peak between 1 and 2 years followed by a decrease. The overall suscep-
tibility curve height for rim� lesions was 4.27 parts per billion lower than that for rim� lesions (P � .01). Rim� lesions demonstrated a
higher linear slope relative to rim� lesions (P � .023) but faster cubic decay relative to rim� lesions (P � .005). Rim� lesions started
decaying approximately 2 years earlier compared with rim� lesions.

CONCLUSIONS: There was a marked difference in the susceptibility temporal trajectory between rim� and rim� lesions during the first
6 years of lesion formation. Most rim� lesions retain iron for years after the initial lesion appearance.

ABBREVIATIONS: Gd � gadolinium; Gd� � Gd-enhancing; GRE � gradient recalled-echo; QSM � quantitative susceptibility mapping; ppb � parts per billion;
rim� � rim positive; rim� � rim negative

Quantitative susceptibility mapping (QSM)1 provides effi-

cient in vivo quantification of susceptibility changes related

to iron deposition and helps identify lesions with iron-laden in-

flammatory cells.2 It has been widely used in studying multiple

sclerosis and can demonstrate the retention of iron among a sub-

set of chronic lesions.3-5 Enhancing MS lesions identified on post-

gadolinium (Gd) T1WI in the routine MR imaging surveillance

are representative of the breakdown of the blood-brain barrier

and acute disease activity.6 As the BBB closes, lesions transition to

the chronic stage. However, a subset of lesions may retain a rim of

iron-enriched inflammatory cells with ongoing damage. Chronic

active MS lesions, characterized by a hyperintense rim on QSM,

have been shown to contain iron-enriched, activated microglia

and macrophages on histopathology5 and have been linked to

greater tissue damage on in vivo MR imaging.7,8 Identifying le-

sions likely to retain chronic inflammation would be useful for

potential therapeutic targeting. Accordingly, it would be valuable

to study MS lesion-evolution trajectories from the time of en-

hancement to the chronic lesion stage.

QSM is a phase-based magnetic field deconvolution technique

that overcomes blooming artifacts and provides accurate quanti-
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fication and localization of the magnetic sources.1,9,10 Previous

QSM studies demonstrated that MS lesion susceptibility increases

as the acute, enhancing MS lesion transitions to the nonenhanc-

ing stage, reaches a peak in the chronic active stage, and eventually

decays away in the final stage of a glia scar.11-14 Although these

studies identified a unique time-dependent trajectory in suscep-

tibility on QSM, they are limited given the cross-sectional design

or short longitudinal follow-up. In addition, a number of recent gra-

dient recalled-echo (GRE) imaging studies have identified a unique

subpopulation of chronic MS lesions with a hypointense rim on the

phase image or a hyperintense rim on QSM. These studies have used

histopathologic validation7,15-17 and, more recently, PET imaging18

to validate that these lesions have persistent inflammation repre-

sented by iron-laden microglia and macrophages. Initial detection

and the expected life span of lesions with a hyperintense rim appear-

ance on QSM (rim�) as well as the time-dependent susceptibility

changes among these lesions compared with those without a rim

(rim�) have yet to be explored, to our knowledge.

The aim of this study was to assess longitudinal tissue-suscep-

tibility changes in new Gd-enhancing lesions for up to 6 years

after the first identification and to determine whether lesion tra-

jectories depend on the development of a hyperintense rim on

QSM.

MATERIALS AND METHODS
Patient Selection
This was a retrospective study of a cohort of 19 patients with

relapsing-remitting MS selected from an ongoing, prospective

MS MR imaging and clinical data base for which annual MR im-

aging scans (including QSM) were collected during 6 years. Pa-

tients were selected for this study if they met the following inclu-

sion criteria: 1) They had at least 1 new Gd-enhancing (Gd�) MS

lesion on routine annual MR imaging, 2) had at least 3 longitudi-

nal QSM scans (including at the time of Gd� lesion detection), 3)

had at least 1 MR imaging performed �1 year after Gd� lesion

detection, and 4) had prior MR imaging to ensure that Gd� le-

sions were newly formed lesions and not re-enhancement of older

lesions. MR images were acquired on 2 different imaging plat-

forms during the 6 years (GE Healthcare and Siemens, details

below). Clinical data collected for patients included the following:

age, sex, Expanded Disability Status Scale scores, disease duration,

and treatment duration. This study was approved by Weill Cor-

nell Medicine institutional review board, and written informed

consent was obtained from each subject.

MR Imaging Protocol and Image Processing
Brain MRIs (from 2011 to 2018) were performed on 3T MR im-

aging scanners (Signa HDxt, GE Healthcare, Milwaukee, Wiscon-

sin, with a product 8-channel head coil; Magnetom Skyra, Sie-

mens, Erlangen, Germany with a product 20-channel head/neck

coil). The scanning protocol consisted of standard 3D-T1WI,

2D-T2WI, and 3D-T2-weighted FLAIR sequences for ana-

tomic structure, multiecho 3D-GRE imaging for QSM, and

gadolinium-enhanced 3D-T1WI to detect blood-brain barrier

disruption. The acquisition parameters for multiecho GRE

were the following: FOV � 24 cm, TR � 49 –58 ms, TE1/

�TE � 4.5– 6.7/4.1– 4.8 ms, last TE � 47.7 ms, acquisition

matrix � 320 – 416 � 205–320, readout bandwidth � 244 –260

Hz/pixel, axial slice thickness � 3 mm, flip angle � 15°–20°,

acceleration factor � 2, number of averages � 1. The scan time

was around 4 minutes and 30 seconds (48 slices), varying

slightly with brain superior-inferior dimensions.

This QSM imaging protocol was harmonized for both scanner

manufacturers and was demonstrated to be reproducible across

manufacturers.19,20 QSM was reconstructed from complex GRE

images using a fully automated morphology-enabled dipole in-

version (MEDI�0) method zero-referenced to the ventricular

CSF.21 All the conventional images (T1WI, T1WI�Gd, T2WI,

T2-weighted FLAIR) and the follow-up QSM images were coreg-

istered to the baseline GRE magnitude images using the FMRIB

Linear Image Registration Tool (FLIRT; http://www.fmrib.ox.

ac.uk/fsl/fslwiki/FLIRT).22

Lesion Susceptibility and Volume Measurements
New Gd� MS lesions were identified on T1WI�Gd images and

visually classified on QSM as rim� or rim�8 by 2 independent

reviewers (S.Z., a neuroradiologist with 7 years of experience;

S.A.G., an MS neurologist with 16 years of experience).8 A lesion

was designated as rim� if QSM was hyperintense at the edge of

the lesion at any of the longitudinal time points. In addition, at

each time point, newly identified Gd� lesions were dated as zero

years. Lesions were also classified as either “nodular” or “shell”

enhancing to estimate the stage of lesion enhancement (ie, early or

late stage, respectively).12,23 In case of a rare (4 lesions) disagree-

ment, a third neuroradiologist (I.K., with 22 years of experience)

determined the lesion type. ROI analysis was performed using

ITK-SNAP software (Version 3.6.0; http://www.itksnap.org/) to

obtain regional volume and QSM measurements within the iden-

tified lesions. To assess a change in lesion volume, we drew lesion

ROIs on raw T2-weighted FLAIR images, which had isotropic

1-mm high-resolution images, at all time points. To assess longi-

tudinal susceptibility change, we first created ROIs on coregis-

tered T2-weighted FLAIR images and then overlaid them on the

QSM images at initial lesion detection. When necessary, these

ROIs were manually edited to better match lesion geometry on

QSM and removal of the central veins (vessel-like structures with

hyperintense QSM appearance). The edited ROIs were overlaid

onto QSM images from all other subsequent time points. The

susceptibility value of the adjacent normal-appearing white mat-

ter was subtracted from the lesion susceptibility to offset the in-

fluence of local fiber orientation.

Statistical Analysis
A regression model with orthogonal time polynomials was used to

analyze the longitudinal evolution of lesion volumes for rim�

and rim� lesions at the lesion level while adjusting for multiple

lesions per patient. The final model included a third-order or-

thogonal polynomial, the fixed conditional effect was lesion

group, and patient was the random effect.

A multilevel growth curve model with orthogonal time poly-

nomials was used to analyze the longitudinal evolution of QSM

values for rim� and rim� lesions while adjusting for patient-

level covariates (fixed effects: individual lesion volume, patient

age, Expanded Disability Status Scale score, disease duration, and
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treatment duration) and multiple lesions per patient (random

effects). An eighth-order orthogonal polynomial model was nec-

essary to capture the upward and downward evolution of QSM

values within lesion groups. Orthogonal polynomials are trans-

formations that make the original time terms independent. They

allow a precise and robust evaluation of QSM longitudinal differ-

ences. Our orthogonal polynomial was defined on the basis of the

lesion-age octiles (8 quantiles). This approach accounts for the

sample lesion age distribution. The statistical analysis was per-

formed using R statistical and computing software (2017;

http://www.r-project.org/).

RESULTS
Patient and Lesion Characteristics
Nineteen patients with relapsing-remitting MS (15 women and 4

men, 36.3 	 6.4 years of age) met the inclusion criteria with a total

of 32 new T1WI�Gd lesions: 9 nodular-enhancing (28%, suscep-

tibility, 6.87 	 5.80 parts per billion [ppb]) and 23 shell-enhanc-

ing (72%, 12.10 	 8.95 ppb) lesions. Central veins were found in

10 (31%) lesions. Patients had a mean disease duration of 4.8 	

3.2 years and an Expanded Disability Status Scale score of 1.4 	

1.7. The average time from initial MR imaging to the last MR

imaging was 3.6 	 1.4 years (range, 1.1– 6.1 years). Patients were

treated with various disease-modifying therapies, and at the time

of lesion identification, the cohort was on therapy for a mean

duration of 3.5 	 3.0 years.

Lesions with a Hyperintense Rim on QSM
Among the 32 new Gd� lesions, 16 lesions (50%) were identified

as QSM rim�, and evidence of the rim was seen at the time of

enhancement for most (81%) of these lesions. Qualitatively,

rim� lesions were visualized on QSM scans longer than rim�

lesions (Figs 1–3), and once identified, the hyperintense rim was

consistently found on all subsequent scans in 14 (88%) of the

rim� lesions (Figs 2 and 3). Although susceptibility values were

lowest at the time of Gd-enhancement, subtle evidence of a rim

could be seen in 13 (81%) lesions at that time. The longitudinal

evolution of lesion volume, adjusting for multiple lesions per pa-

tient and conditioning on lesion group, is presented in Fig 4.

Fitted volumes derived from the regression model demonstrated

that rim� lesions (1042.45 mm3) were significantly larger than

rim� lesions (322.34 mm3) at the time of Gd-enhancement (P �

.001). Following the start of a decline in volume after Gd-en-

hancement, rim� lesions remained larger than rim� lesions and

maintained a significant difference at lesion ages 0.5, 2, and 4 years

(all P � .001) (Fig 4).

Time-Dependent Susceptibility Change in QSM Rim� and
Rim� Lesions
The final model for the longitudinal lesion evolution of QSM

values included T2-weighted FLAIR lesion volume and Expanded

Disability Status Scale scores at baseline as patient-level fixed ef-

fects (all P values � .05). All lesions demonstrated a continued

increase in susceptibility until a peak between 1 and 2 years, which

was followed by a reduction during the subsequent years. There

was a significant effect of lesion group (rim� versus rim�) on the

intercept term, indicating lower overall QSM values for the rim�

lesions relative to the rim� (estimate � �4.27, SE � 1.62, P �

.01) (Fig. 5). There was also a significant effect of lesion group on

the slope and cubic terms, indicating a faster linear growth rate for

rim� lesions relative to rim� lesions (estimate � 8.42, SE � 3.66,

P � .023) as well as significantly faster cubic decay for rim�

lesions relative to rim� lesions (estimate � �10.64, SE � 3.75,

P � .005). All other effects of lesion group conditioning on time

decay were not significantly different between the 2 groups. When

considering lesion-volume change, as opposed to baseline lesion

volume, as a covariate in the model, a significant association was

found between QSM change and volume change (P � .002) (for

every 1-mm3 decrease in volume, there was 0.014-ppb reduction

in QSM). The relationship between susceptibility and volume

change was similar among rim� and rim� lesions (P � .27).

The Table summarizes the model-fitted mean susceptibilities

along with their 95% confidence intervals. The estimated suscep-

FIG 1. Longitudinal QSM and T2-weighted FLAIR images of a new
Gd-enhancing MS lesion without a QSM rim appearance (rim�). At
baseline, the enhancing lesion was isointense on QSM (mean lesion
susceptibility � �3.31 ppb), became most hyperintense at 1 year
(22.50 ppb), and gradually disappeared in subsequent years (�1.18 ppb
at year 5).
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tibility means for rim� lesions demonstrated a decay after 1.5

years with 95% confidence, while the estimated means for rim�

lesions remained persistently elevated from lesions 0.5– 4 years of

age. A decline in susceptibility is found in rim� lesions only after

the fourth year.

DISCUSSION
The current study is the longest longitudinal lesion-based sus-

ceptibility study examining the time-dependent susceptibility

changes quantified on QSM. Our study indicates that QSM rim�

lesions have a unique time-dependent trajectory. Compared with

QSM rim� lesions, rim� lesions start with a higher susceptibility

and larger volume and, most important, retain a high-susceptibil-

ity value for a number of years after initial detection. This study

provides further insight into a distinct subgroup of MS lesions,

those that retain a rim of iron-laden inflammatory cells and have

the potential for continued tissue damage.7,8,17

QSM provides a noninvasive way to quantify the susceptibility

change in MS lesions. The susceptibility increase observed in our

study is consistent with previous studies in which a jump in lesion

susceptibility occurs as an enhancing lesion evolves to the

chronic, nonenhancing state.11-14 The initial rise in susceptibility,

occurring within weeks, in active lesions may be related to myelin

digestion,24 and the subsequent increase, which occurs for

months, is more likely related to removal of the myelin debris

within macrophages25 and the release of iron.12 A subset of

chronic MS lesions, identified as chronic active or slowly expand-

ing lesions, has been described as having a hypocellular lesion

center and a rim of activated proinflammatory microglia and

macrophages.17,26,27 These lesions demonstrate evidence of active

demyelination and axonal destruction at their rim and are

thought to contribute to long-term, ongoing tissue damage in

MS.8,17,26-28 A number of studies have demonstrated that most

microglia and macrophages found at the rim of chronic active MS

lesions contain iron.7,15,17,29-32 The source of the released iron is

presumed to be derived from damaged myelin and dying oligo-

dendrocytes in acute lesions31 and functions to promote polariza-

tion of microglia and macrophage cells to a proinflammatory

state.30 Our data suggest that the development of rim� lesions

FIG 2. Longitudinal QSM and T2-weighted FLAIR images of a new Gd-
enhancing MS lesion with a QSM rim appearance (rim�). This lesion was
slightly hyperintense on QSM at the time of Gd-enhancement (mean
lesion susceptibility � 12.74 ppb), became most hyperintense at 3 years
(34.28 ppb), and remained hyperintense at 6 years (25.15 ppb).

FIG 3. Longitudinal QSM and T2-weighted FLAIR images of a new Gd-
enhancing MS lesion with a QSM rim appearance (rim�). This lesion was
isointense on QSM at baseline and demonstrated an increase in suscep-
tibility and rim appearance on subsequent QSM scans. The lesion suscep-
tibility increased continually from �0.34 ppb at baseline to 26.35 ppb at
28 months. Gd-enhancement remained in this lesion until month 2.
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may be related to a higher level of iron release, given the higher

susceptibility peak among these lesions, and that the extent of iron

release potentially contributes to the development of chronic in-

flammation. In addition, we found that rim� lesions were much

larger at the time of Gd-enhancement, a finding that supports the

concept of a larger inflammatory event leading to more demyeli-

nation and iron release. Studying the physiologic mechanisms

driving iron release within the acute lesion could identify thera-

peutic targets aimed at decreasing the occurrence of chronic ac-

tive MS lesions.

The reduction of susceptibility in both rim� and rim� lesions

was related to volume loss; however, the relationship was similar

and suggests that pathologic differences may explain our observed

differences in the decay rate. The relatively abrupt reduction in

susceptibility found among the QSM rim� lesions would be con-

sistent with either loss of iron from the lesion or, more likely, a

higher potential for remyelination among these lesions.5 Remy-

elination occurring in rim� lesions would be consistent with his-

tologic observations indicating that iron-enriched microglia and

macrophages are not found at the rim of remyelinated or shadow

plaques17 and in vivo MR imaging studies demonstrating less tis-

sue damage in lesions without a QSM rim.7,8

The slow decay of susceptibility in rim� lesions and retention

of the hyperintense rim suggest that these lesions retain iron for a

number of years; thus, they have the potential for ongoing damage

across a more extended period.17 Although iron is retained, there

is an eventual reduction in susceptibility, which suggests that

most of these lesions have a life span of only a few years before iron

loss and probable transition to a chronic inactive state or glia

scar.25 Histologically, chronic active lesions have been found to be

associated with longer disease duration and to predominantly oc-

cur in progressive disease, in which new Gd� lesions are infre-

quently found.27 However, given the aforementioned MR imag-

ing GRE studies, these lesions can occur frequently within the

relapsing phase of the disease, and consistent with others,7 we

found that lesions that become chronic active lesions can show

subtle evidence of a rim at the Gd� stage. These combined obser-

vations suggest that QSM rim� lesions could serve as an early-

stage imaging biomarker for disease prognosis, and this possibil-

ity warrants further exploration.

QSM has been shown to provide a high level of diagnostic

accuracy in predicting Gd� lesions.13 In this study, most lesions

were shell-enhancing, which are thought to be slightly older en-

hancing lesions and tend to demonstrate a slightly higher suscep-

tibility.12 Most important, the average susceptibility at the time of

enhancement of all lesions (nodular and shell enhancing) was

comparable with that of the previous work12 and below the cutoff

value of 13.5 ppb for predicting Gd� MS lesions.13 Furthermore,

GRE imaging is being explored to improve the diagnostic accu-

racy of MS based on the identification of a central vein or central

vein sign. Most interesting, we found that only one-third of le-

sions had a central vein on QSM, which is lower than previously

suggested, using a combined T2-weighted FLAIR and T2* se-

quence,33 and this finding suggests that more research is required

to assess the frequency of the central vein sign in MS lesions.

There are limitations in this study. Our lesion sample size is

relatively small, and more important, not all lesions were mea-

sured at each time point or followed through to all 6 years. We will

continue to identify Gd� lesions from our ongoing data base to

expand on our observations and provide more data to each lesion-

FIG 4. Longitudinal lesion-volume evolution changes among QSM
rim� and rim� lesions. Rim� lesions were statistically larger at Gd-
enhancement (time � 0), 0.5, 2, and 4 years (all P � .0001).

FIG 5. Longitudinal lesion age-dependent susceptibility time course
of QSM rim� and rim� MS lesions. Rim� lesions demonstrate a
higher peak QSM value and significantly slower decay rate compared
with rim� (see text).

The mean susceptibility of rim� and rim� lesions derived from
the regression model

Time
(yr)

Rim+ Rim−

No. of
Lesions

Mean
(ppb) 95% CI

No. of
Lesions

Mean
(ppb) 95% CI

0 16 13.51 11.09–15.93 16 7.77 6.27–9.26
0.5 10 23.40 19.47–27.33 9 24.39 23.11–25.67
1 7 25.69 20.78–30.60 11 24.22 22.79–25.64
1.5 5 28.99 26.00–31.98 5 26.25 23.86–28.63
2 6 27.33 23.22–31.44 7 16.66 13.57–19.76
2.5 8 26.17 22.10–30.25 10 18.29 15.27–21.31
3 7 21.45 18.31–24.59 9 12.50 10.19–14.81
4 8 22.02 16.92–27.12 10 12.00 9.40–14.61
6 5 13.42 9.64–17.21 6 5.90 4.36–7.45
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age year. This expansion will allow further exploration into the

effect of individual lesion size as well as patient-specific covariates

such as disease duration, disability status, and treatment effect. As

mentioned above, very early changes in susceptibility are likely

due to a number of pathophysiologic mechanisms at play: Imag-

ing the early-stage lesions with frequent and short-interval QSM

with the addition of myelin imaging34 would allow a more de-

tailed analysis of the early rise in susceptibility. Similarly, a serial

MR imaging study with both QSM and myelin imaging during the

decay stage can evaluate the loss of iron versus remyelination in

rim� lesions. Last, our study focused on white matter MS lesions

and excluded cortical gray matter lesions, which are known to

occur quite frequently in MS and require ultra-high-field imaging

for depiction.35 Most interesting, a high-field 7T study using

QSM identified cortical lesions as having a much lower suscepti-

bility compared with white matter lesions, suggesting less iron in

cortical lesions compared with white matter lesions.36 Thus, as we

move forward with 7T QSM MR imaging, we intend to explore

and compare the time-dependent susceptibility changes among

smaller regions within the lesion (ie, regions of tissue enhance-

ment) as well as lesions located within the cortex.

CONCLUSIONS
We identified unique trajectories of lesion time-dependent

change in susceptibility among different subtypes of MS lesions.

These observations are consistent with the iron-laden inflamma-

tory cells present within the rim of a select subset of chronic le-

sions retaining iron for a number of years and slowly transitioning

to an inactive state. This study supports the use of serial QSM to

provide information regarding the current state of inflammation

within chronic MS lesions.
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