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Abstract: Introduction: Lesion load (LL), deep gray matter (DGM) and normal-appearing white
matter (NAWM) susceptibility and morphometry may help in monitoring brain changes in mul-
tiple sclerosis (MS) patients. We aimed at evaluating the feasibility of a fully automated segmen-
tation and the potential interrelation between these biomarkers and clinical disability. Methods:
Sixty-six patients with brain MRIs and clinical evaluations (Expanded Disability Status Scale [EDSS])
were retrospectively included. Automated prototypes were used for the segmentation and mor-
phometry of brain regions (MorphoBox) and MS lesions (LeManPV). Susceptibility maps were
estimated using standard post-processing (RESHARP and TVSB). Spearman’s rho was computed
to evaluate the interrelation between biomarkers and EDSS. Results: We found (i) anticorrelations
between the LL and right thalamus susceptibility (rho = −0.46, p < 0.001) and between the LL and
NAWM susceptibility (rho = [−0.68 to −0.25], p ≤ 0.05); (ii) an anticorrelation between LL and DGM
(rho = [−0.71 to −0.36], p < 0.04) and WM morphometry (rho = [−0.64 to −0.28], p ≤ 0.01); and (iii) a
positive correlation between EDSS and LL (rho = [0.28 to 0.5], p ≤ 0.03) and anticorrelation between
EDSS and NAWM susceptibility (rho = [−0.29 to −0.38], p < 0.014). Conclusions: Fully automated
brain morphometry and susceptibility monitoring is feasible in MS patients. The lesion load, thalamus
and NAWM susceptibility values and trophicity are interrelated and correlate with disability.

Keywords: multiple sclerosis; quantitative susceptibility mapping; morphometry; atrophy; clinical
disability; EDSS

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease that affects both the gray
and white matter of the brain. While MRI is a valuable tool to diagnose and monitor
MS, conventional MRI techniques fail to correlate accurately the lesion load with clinical
disability, possibly in part due to disease activity beyond MR-visible lesions [1]. Novel
MRI techniques are therefore needed to better characterize the total MS burden in the brain
and to improve treatment monitoring. Quantitative susceptibility mapping (QSM) is an
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emerging technique that can potentially facilitate the characterization of inflammation and
demyelination in the brain of MS patients [2,3]. In MS, myelin and iron content changes are
thought to be the main factors responsible for susceptibility changes inside and outside the
visible lesions [4,5]. Thus, QSM is increasingly used for the characterization of iron load
in the deep gray matter (DGM), as well as in lesions and normal-appearing white matter
(NAWM) [6,7]. Among others, changes in DGM susceptibility can be observed in cases of
clinically isolated syndrome (CIS) [8]. Magnetic susceptibility in specific brain regions and
lesions might hence be a potential biomarker to monitor disease progression. However,
the interrelation between susceptibility in the brain and the disease state is still not widely
investigated. Previous studies have shown higher susceptibility for basal ganglia (probably
due to demyelination) and lower susceptibility for thalamus and NAWM (probably due to
iron loss) with disease progression [7,9,10]. Moreover, thalamic damage seems to be related
to NAWM damage [11]. However, because of technical differences, studies are not fully
comparable and conclusive.

Moreover, there is increasing evidence that brain atrophy might be a stronger biomarker
than lesion load for predicting progressing disability. DGM atrophy, specifically of the
thalamus, seems to have the strongest association with MS clinical burden [12–16]. For
instance, it has been shown that atrophy is present in CIS patients at presentation, par-
ticularly in the thalamus, and other DGM structures [17]. Also, based on tractography
analysis, it seems that white matter lesions are likely causing upstream and downstream
degeneration and a subsequent reduction in thalamic volume in patients with MS [16,18].

Analyzing lesion load, atrophy, susceptibility and clinical disability simultaneously is
important because of their potential interrelation as well as direct influence. For instance,
it is known that local susceptibility can change with iron content, but also with local
atrophy [19]. To our knowledge, there is no study exploring the interrelation between
lesion burden and DGM or NAWM susceptibility and trophicity in MS in the same cohort.
Before analyzing such interrelations under the scope of clinical data for disease burden
assessment and monitoring, the feasibility of an automated and reproducible method
should be established.

The main goal of this study was thus to assess the feasibility of a fully automated
quantitative segmentation method. Second, we aimed at evaluating the potential inter-
relation between lesion load and susceptibility and morphometry in DGM and NAWM
and between NAWM susceptibility and DGM susceptibility. Finally, we evaluated the
interrelation between these imaging markers and individual clinical disability.

2. Materials and Methods
2.1. Study Protocol

This retrospective observational single-center study was conducted according to the
STROBE guidelines [20]. Patients with MS who were referred to our institution for brain
imaging between October 2016 and July 2017 were screened. Inclusion criteria were
(a) being diagnosed with multiple sclerosis according to the 2010 McDonald criteria [21]
and (b) having underwent at least one brain MRI with gadolinated contrast media admin-
istration and the acquisition protocol described below. Except for age and sex available
on DICOM tags, no further clinical data was recorded. Also, all collected imaging data
were anonymized to comply with national ethical guidelines. Institutional Review Board
approval (CER-VD 2023-01584) and patient consent were obtained according to the Swiss
Federal Act on Research involving Human Beings from 2011 (HRA, Art. 3), and the study
was conducted in accordance with the World Medical Association Declaration of Helsinki.
Patient clinical disability was assessed using the Expanded Disability Status Scale (EDSS)
at the time of MRI, which was retrieved from patients’ hospital records.

2.2. MRI Acquisition

All patients were imaged on a 3T scanner (MAGNETOM Skyra, Siemens Healthcare,
Erlangen, Germany). The acquisition protocol included 3D FLAIR, unenhanced T1w MP-
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RAGE and double-echo (TE = 20/40 ms) gradient echo susceptibility weighted imaging
(SWI) sequences. Acquisition parameters are given in Table 1.

Table 1. Imaging protocol.

Parameters MP-RAGE Pre-Gd 3D FLAIR 3D Double-Echo GRE

Voxel size 1 × 1 × 1.2 mm3 0.5 × 0.5 × 1 mm3 0.98 × 0.98 × 1.5 mm3

Acquisition plane Sagittal Sagittal Transversal

Flip angle 9◦ 120◦ 15◦

TR/TI 2300/900 ms 5000/1800 ms 46/-

Echo Time 2.9 ms 391 ms 20/40 ms

2.3. MRI Post-Processing

The segmentation of MS lesions was performed using a fully automated prototype
method LeManPV [22–24], which takes as input 3D FLAIR and MP-RAGE images. Brain
lobes and segmentations of WM, thalamus and basal ganglia (putamen, pallidum and
caudate) were obtained using the MorphoBox prototype [25], taking unenhanced MP-
RAGE images as input. NAWM was defined as the volume of the remaining segmented
WM after subtracting the MS lesion volume in WM. Lesion load was defined as the volume
in milliliters of all the lesions present in a given region, as it was derived from the binary
masks from the automated lesion segmentation. The age- and gender-corrected Z-scores
(i.e., how many standard deviations is this volume away from the mean volume in a healthy
population) of the DGM regions were used for morphometric analysis.

QSM maps were estimated from phase and magnitude SWI data. The computation
was performed using an in-house dedicated Matlab SPM Toolbox, which integrates a stan-
dard post-processing pipeline that implements the Regularization Enabled Sophisticated
Harmonic Artifact Reduction for Phase data (RESHARP) and the Total Variation using Split
Bregman (TVSB) algorithms [26,27]. This Matlab SPM Toolbox can be shared upon request.
Since QSM reconstruction constitutes an ill-posed inverse problem, it is only possible to
quantify magnetic susceptibility in relation to a reference value rather than in absolute
terms [28,29]. To account for this offset, the median QSM value of the whole brain was
subtracted from each extracted QSM value of the same patient, as previously reported [30].
The MP-RAGE images where rigidly registered to the SWI images using ELASTIX [31].
The resulting transformation matrices where then used to transform the LeMan-PV and
MorphoBox output masks into the QSM space. To mitigate the effect of partial volume
between volumes, all binary masks were eroded by one voxel. Subsequently, median QSM
values of thalamus, basal ganglia and NAWM were extracted (see Figure 1). The median
was preferred over the mean because QSM values were not normally distributed within
the regions and because of its robustness to outliers (e.g., due to inaccurate segmentation
of volumes).

2.4. Statistical Analysis

All statistics were performed with Matlab R2018b (The MathWorks Inc., Natick, MA, USA).
Continuous variables are reported as median and interquartile range (IQR). Categorical
variables are reported as number or percentage. Spearman’s correlation coefficients (rho)
were computed to evaluate potential interrelation between (i) lesion load and DGM mag-
netic susceptibility and morphometry; (ii) lesion load and NAWM magnetic susceptibility
and lesion load and total WM morphometry; and (iii) lesion load and DGM and NAWM
morphometric and susceptibility values with the EDSS (Figure 1). To account for pos-
sible age-related susceptibility variations, the correlation coefficients were controlled by
age using partial correlation [32]. To account for multiple comparisons, the threshold for
significant p-values was corrected using the False Discovery Rate (FDR) procedure [33].



Diagnostics 2024, 14, 2669 4 of 12
Diagnostics 2024, 14, x FOR PEER REVIEW  4  of  13 
 

 

 

Figure 1. Imaging processing. Schematic representation of algorithms used to compute QSM using 

Regularization Enabled Sophisticated Harmonic Artifact Reduction for Phase data (RESHARP) and 

the Total Variation using Split Bregman (TVSB) on double-echo gradient echo (GRE) sequences, ex-

tract MS lesions using LeManPV from 3D FLAIR data and extract brain regions using Morphobox 

from 3D unenhanced T1-MP-RAGE data. Correlations between results and with the EDSS were then 

computed. 

2.4. Statistical Analysis 

All statistics were performed with Matlab R2018b (The MathWorks Inc., Natick, MA, 

USA). Continuous variables are reported as median and interquartile range (IQR). Cate-

gorical variables are  reported as number or percentage. Spearman’s  correlation  coeffi-

cients (rho) were computed to evaluate potential interrelation between (i) lesion load and 

DGM magnetic susceptibility and morphometry;  (ii)  lesion  load and NAWM magnetic 

susceptibility and lesion load and total WM morphometry; and (iii) lesion load and DGM 

and NAWM morphometric and susceptibility values with the EDSS (Figure 1). To account 

for possible  age-related  susceptibility variations,  the  correlation  coefficients were  con-

trolled by age using partial  correlation  [32]. To account  for multiple  comparisons,  the 

threshold for significant p-values was corrected using the False Discovery Rate (FDR) pro-

cedure [33]. 

3. Results 

3.1. Study Population 

Overall, a total of 66 MS patients (50 women, median age = 38 years, IQR = 14 years, 

range 18–66 years) consecutively acquired in daily practice over 2 years were retrospec-

tively enrolled. From  the entire cohort, five patients were excluded due  to poor  image 

quality related to motion or magnetic artifacts. Complete post-processing was thus suc-

cessful in 93.2% of patients. The whole processing (FLAIR, T1 MP-RAGE and QSM) was 

performed in 10 min per patient. Overall, patients had 1019 non-enhancing lesions. Four-

teen patients (20%) additionally had a total of 37 enhancing lesions (range 1–10), with their 

size varying between 14 and 320 µL. Enhancing lesions thus represent 3.6% of all the le-

sions. Removing those fourteen patients from the analysis presented below did not change 

the  results. At  the  time  of  the  study,  some  of  the patients were undergoing  standard 

Figure 1. Imaging processing. Schematic representation of algorithms used to compute QSM using
Regularization Enabled Sophisticated Harmonic Artifact Reduction for Phase data (RESHARP) and
the Total Variation using Split Bregman (TVSB) on double-echo gradient echo (GRE) sequences,
extract MS lesions using LeManPV from 3D FLAIR data and extract brain regions using Morphobox
from 3D unenhanced T1-MP-RAGE data. Correlations between results and with the EDSS were
then computed.

3. Results
3.1. Study Population

Overall, a total of 66 MS patients (50 women, median age = 38 years, IQR = 14 years,
range 18–66 years) consecutively acquired in daily practice over 2 years were retrospectively
enrolled. From the entire cohort, five patients were excluded due to poor image quality
related to motion or magnetic artifacts. Complete post-processing was thus successful in
93.2% of patients. The whole processing (FLAIR, T1 MP-RAGE and QSM) was performed
in 10 min per patient. Overall, patients had 1019 non-enhancing lesions. Fourteen patients
(20%) additionally had a total of 37 enhancing lesions (range 1–10), with their size varying
between 14 and 320 µL. Enhancing lesions thus represent 3.6% of all the lesions. Removing
those fourteen patients from the analysis presented below did not change the results. At
the time of the study, some of the patients were undergoing standard pharmacological
treatments for multiple sclerosis, while 11 patients remained untreated. The different
treatments administered to the 61 patients included in the analysis are listed in Table 2.

Table 2. Number of patients receiving each treatment at the time of the study.

Treatment Patients

Tysabri® (natalizumab) 17

Gilenya® (fingolimod) 13

Tecfidera® (dimethyl fumarate) 9

Rebif® (interferon beta-1a) 4

MabThera (rituximab) 2
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Table 2. Cont.

Treatment Patients

Plegridy® (peginterferon beta-1a) 1

Avonex® (interferon beta-1a) 2

Copaxone® (glatiramer acetate) 2

No treatment 11

3.2. Interrelation Between Lesion Load, DGM Susceptibility and DGM Morphometry

The susceptibility values and Z-scores of the thalamus, basal ganglia and NAWM
are displayed in Table 3. Right thalamus susceptibility was negatively correlated with the
total lesion load (rho = −0.43, p < 0.001), as well as with each individual lobar lesion load
except the right occipital and left frontal lobes (Figure 2A). The left thalamus, left and right
putamen, left and right caudate, and left and right pallidum did not show any significant
correlation with lesion load.

Table 3. Susceptibility values and morphometry of thalamus, DGM and WM (WM susceptibility
values were computed after MS lesions exclusion).

Susceptibility Value
Median [IQR]

Z-Score
Median [IQR]

Left Right Left Right

Thalamus 0.0014 [0.0027] 0.007 [0.0081] −0.1678 [1.8954] −0.1454 [1.688]

Caudate nucleus 0.024 [0.0198] 0.027 [0.020] −0.0915 [1.2053] 0.0878 [1.2287]

Putamen 0.0168 [0.0095] 0.0148 [0.008] −0.0235 [1.2487] −0.1012 [1.7689]

Pallidum 0.0573 [0.0152] 0.0607 [0.0157] −0.1587 [1.5389] −0.2118 [1.6012]

Frontal WM −0.0033 [0.0031] −0.0042 [0.0026] −0.3771 [1.7347] −0.3712 [1.3869]

Temporal WM −0.0019 [0.0028] −0.0037 [0.0041] −0.4512 [1.5931] −0.765 [1.7001]

Parietal WM −0.0047 [0.0022] −0.0054 [0.0029] −0.7124 [1.4574] −0.4795 [1.2212]

Occipital WM −0.095 [0.0039] −0.0083 [0.0052] −0.1345 [1.0422] 0.1548 [1.2986]
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Figure 2. Correlation between lesion load, DGM susceptibility and morphometry. (A) Interrelation
between lesion load (abscissa) and DGM susceptibility (ordinate). (B) Interrelation between lesion
load (abscissa) and DGM morphometry (ordinate). (C) Interrelation between DGM morphometry
(abscissa) and susceptibility (ordinate). Only correlation coefficients with significant p-values are
written down, with threshold value corrected for multiple comparison.

We found moderate to strong significant negative correlations between lesion load and
DGM morphometry, except for the caudate nuclei (Figure 2B). The strongest correlation was
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between left putamen Z-score and left frontal lobe (rho = −0.71, p < 0.001) and the weakest
correlation between the left thalamus and the right occipital lobe (rho = −0.36, p = 0.004).

We found only positive significant correlations between thalamus susceptibility val-
ues and thalamus, putamen and pallidum DGM morphometric values (Figure 2C). The
strongest correlation was between right thalamus susceptibility and left putamen Z-score
(rho = 0.56, p-value < 0.0001).

3.3. Interrelation Between Lesion Load, NAWM Susceptibility and WM Morphometry

We found weak to strong negative correlations between lobar and total lesion load
with the magnetic susceptibility of the NAWM in the frontal and parietal lobes and left
temporal lobe (rho = [−0.68 to −0.25], all p ≤ 0.05) (Figure 3A). No correlation was found
for right temporal and bilateral occipital NAWM magnetic susceptibility. The median
magnetic susceptibility of the whole NAWM was negatively correlated with lobar and total
lesion load (rho = [−0.71 to −0.46], all p < 0.001).
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Figure 3. Correlation between lesion load, NAWM susceptibility and WM morphometry. (A) Interrela-
tion between lesion load (abscissa) and NAWM susceptibility (ordinate). (B) Interrelation between
lesion load (abscissa) and WM morphometry (ordinate). (C) Interrelation between WM morphometry
(abscissa) and NAWM susceptibility (ordinate). Only correlation coefficients with significant p-values
are written down, with threshold value corrected for multiple comparison.

We found weak to strong negative correlations between lobar and total lesion load
and the morphometry of the WM in each individual lobe except right and left occipital
lobes (rho = [−0.64 to −0.28], all p ≤ 0.01, Figure 3B). The morphometry of the total WM
was negatively correlated with the lesion load in left parietal, both frontal, both temporal
lobes and with the total lesion load (rho = [−0.42 to −0.31], all p ≤ 0.01).

We found weak to moderate positive correlation between WM morphometry and
NAWM susceptibility values between frontal lobe morphometric values and left frontal
and both parietal lobe susceptibility (rho = [0.37 to 0.44], all p ≤ 0.01, while no correlation
was found in the temporal and occipital lobes (Figure 3C).

3.4. Interrelation Between NAWM and DGM Susceptibility

Left and right putamen susceptibility values were negatively moderately correlated
with fronto-temporal and total NAWM median susceptibility (rho = [−0.46 to −0.34],
p ≤ 0.008, Figure 4). No systematic correlation was found for thalamus, pallidum and caudate.
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Figure 4. Correlation between DGM and NAWM susceptibilities. Only correlation coefficients with
significant p-values are written down, with threshold value corrected for multiple comparison.

3.5. Interrelation Between EDSS Clinical Score and MRI Metrics

We found moderate to strong positive correlation between lesion load and EDSS score
(rho = [0.28 to 0.5], p ≤ 0.03) and a weak to moderate negative correlation between EDSS
score and total NAWM susceptibility, as well as with both frontal and left temporal lobe
NAWM (rho = [−0.29 to −0.38], p < 0.014) (Figure 5). There was no correlation between
WM morphometric values, nor with DGM susceptibility and morphometric values.
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Figure 5. Correlation between EDSS and lesion load (first column) and between EDSS and NAWM
susceptibility (second column). Only correlation coefficients with significant p-values are written
down, with threshold value corrected for multiple comparison.

4. Discussion

The present study investigated the feasibility of a fully automated method for MS
patient assessment and to evaluate the interrelation between lesion load and DGM, as well
as NAWM susceptibility and morphometry and the correlation with the EDSS clinical score.
We found negative correlations between lesion load and right thalamus susceptibility, as
well as between lesion load and NAWM susceptibility. Lesion load was also negatively
correlated with DGM and WM morphometric values. Despite these interrelations, the
EDSS score only correlated with lesion load and anti-correlated with NAWM susceptibility
values. Overall, the significant correlations and the tendencies to correlation obtained in
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our study were in line with a recent meta-analysis synthetizing data available on QSM
mapping of MS lesions, DGM and NAWM. As the relation between lesion load and clinical
disability has been often demonstrated, a significant relation with NAWM susceptibility
values has almost never been obtained [34,35].

From the earliest description of lesions on MRI of MS patients, lesion load has been
considered a biomarker of disease severity. However, numerous studies have reported
that lesion load does in fact not perfectly correlate with patients’ disability [1,36,37]. Being
related both to myelination and iron deposition, QSM was thought to have the potential for
evaluating both lesions’ characteristics [4,38–41] and remote tissues changes, which could
better reflect disease progression. We hereby demonstrated that a fully automated method
for lesion detection and morphometric and QSM map computation is feasible in 93.2% of
patients at 10 min per patient. This allowed for evaluating potential interrelations between
lesion load, morphometry and susceptibility.

Indeed, positive correlations between lesion load and/or clinical disability and basal
ganglia susceptibility were reported in the literature [10,42]. However, the relation between
thalamic susceptibility and lesion load is still debated. Some studies showed positive corre-
lations [43–46] and others found negative correlations, as in the present study [10,47–49].
Various reasons can explain these discrepancies, such as the type of QSM sequence (notably
the number of employed echoes), post-processing steps (notably the type of normalization
and referencing) and the subjects’ characteristics, which differ between studies. For instance,
Chiang et al. [43] used a circular ROI in CSF for reference value, used manual segmentation
of the lesions and did not include primary progressive multiple sclerosis patients. In our
cohort, we used a double-echo SWI sequence, an in-house post-processing pipeline and
referencing to the brain cortex that were all previously validated. Also, lesion load and
DGM segmentation was performed using two automated prototypes that demonstrated
good reproducibility [22–25] and ensured avoiding reader-related bias. Beyond technical
considerations, this may be due to the heterogeneous evolution of susceptibility within the
thalamus, as Schweser et al. [6] demonstrated that susceptibility reduction was more signif-
icantly associated with disease duration in the pulvinar, the left lateral nuclear region and
the global thalamus. The discrepant results on thalamus susceptibility could also be due to
the effect of atrophy, as Schweser et al. [19] recently suggested that magnetic susceptibility
changes over time could be partially explained by disease-related atrophy, along with a
progressive declining in DGM iron content. This argues for the necessity of analysing atro-
phy and susceptibility simultaneously, as in our study. In accordance, we found positive
significant correlations between thalamus susceptibility values and thalamus, putamen and
pallidum morphometry, which suggests a parallel evolution between DGM atrophy and
iron loss. Regarding the morphometry, we also found a strong correlation between atrophy
of DGM structures and lesion load (i.e., a negative correlation), which corroborates previous
results, especially for the thalamus [12,16,18]. Deep grey matter atrophy, specifically in the
thalamus and the basal ganglia, is considered to be a stronger and earlier biomarker of MS
burden than lesion load [12–14,16,50]. Nevertheless, our results indicate that lesion load,
DGM atrophy and susceptibility are interrelated markers of disease severity.

Beyond the DGM, recent studies evaluated the impact of MS on the surrounding
NAWM. We here found a strong negative correlation between the lesion load and NAWM
susceptibility, which is in line with evidence found in other studies [7,9,51], and a neg-
ative correlation between NAWM and EDSS, which is in line with a recent study [52].
Furthermore, we found that NAWM susceptibility decrease was correlated with thalamus
susceptibility decrease and putamen susceptibility increase, in accordance with reported
longitudinal iron level changes in MS patients [47]. Considering the prognostic value of
early changes in the thalamus, this may sustain the influence of NAWM alteration on
patients’ outcomes, as outlined by a longitudinal-exploring prediction value of NAWM
susceptibility on EDSS increments over time [35]. In histopathological studies, the NAWM
in MS patients has indeed shown substantial abnormalities, including inflammation, mi-
croglial activation, gliosis, demyelination and axonal swelling [53]. There is also evidence
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of decreasing iron content in NAWM with disease duration in chronic MS. This loss would
contribute in a greater extent to NAWM changes on QSM than the concurrent myelin loss,
which would lead to an increasing effect on QSM [9,51,54]. The decrease in susceptibility
of the NAWM with increasing white matter lesions is thus likely due to a decrease of the
iron/myelin ratio. However, Wang et al. [55] also reported that demyelination was signifi-
cantly correlated with longitudinal atrophy of the NAWM. Along those lines, we found
that the lesion load was negatively correlated with the WM morphometry in multiple lobes,
which confirms the presence of remote changes in the brain of MS patients. In fact, while
both iron loss and demyelination are associated with NAWM atrophy, their antagonist
effect on susceptibility may explain discordant interrelations in the literature. This may
also explain why we only observed a moderate association between NAWM susceptibility
and WM morphometry. Overall, this suggests that iron loss, demyelination and atrophy
of the NAWM are, as DGM changes, interrelated markers of disease progression and
patients’ disability [55].

We have to acknowledge several limitations of the present study. First, there is in-
creasing evidence that the underlying pathological processes of primary and secondary
progressive MS are different, and this difference could impact advance MRI methods such
as QSM [14,42,48,56]. In addition, the size of our patient cohort was too small to allow
subgroup analysis, which is a meaningful analysis, given for instance the decreasing iron
content within the thalamus from 30 years of age [57], or the influence of sex and genes
involved in iron regulation on DGM susceptibility [49]. Also, our imaging protocol did
not include diffusion [48] or myelin water imaging [58], which could help in evaluating
microstructural changes and help characterizing the relative effect of iron loss and de-
myelination on susceptibility of the NAWM. While evaluating NAWM using susceptibility
values or other techniques such as diffusion tensor imaging, neurite orientation dispersion
and density imaging [59,60], T1/T2-weighted ratio [61] or MR spectroscopy [62] seems to
provide new insights into physiopathological aspects of MS, it remains unclear which se-
quence or combination of sequences could have a favorable diagnostic or prognostic impact
for initial patient classification, therapy guidance and monitoring or clinical outcome strati-
fication. Exploring these points, as well as externally validating automated susceptibility
quantification, needs larger prospective studies. The potential confounding effect of spinal
cord lesions, trophicity and susceptibility on the interrelation with the EDSS could not be
evaluated, as the spinal cord is not assessable with automated morphometry and QSM for
its full length. Finally, longitudinal analysis of DGM and NAWM susceptibility and mor-
phometry was not performed. This would need long-term follow-up and a larger, different
cohort study. DGM atrophy [14] and DGM susceptibility [49] longitudinal evolution were
already assessed in large studies to avoid the limitations of monocentric studies with short
follow-up [47], as was evaluated NAWM susceptibility for clinical evolution prediction
among different types of MS patients [35]. This could also help in evaluating whether
different treatments might influence DGM and NAWM trophicity and susceptibility in
a distinct manner, which has never been studied, to the best of our knowledge. To this
purpose, integrated automated MR post-processing could be used, as in the present study.

In conclusion, automated computation of lesion load, morphometry and susceptibility
maps is feasible and could allow the use of this advanced quantitative imaging in daily
clinical practice. Lesion load, thalamus and NAWM quantitative susceptibility values and
trophicity are interrelated in MS patients, as well, EDSS clinical score correlates with lesion
load and anti-correlates with NAWM quantitative susceptibility. Beyond MS lesions, brain
remote changes are potential biomarkers for disease monitoring and may be assessed using
automated MR morphometry and QSM.

Author Contributions: Conceptualization, V.D.; methodology, V.D. and G.M.; software, T.H., M.J.F.,
J.D., B.M., T.K. and G.M.; validation, V.D. and M.B.C.; formal analysis, G.M., T.H. and M.J.F.; investi-
gation, G.M. and V.D.; writing—original draft preparation, G.M.; writing—review and editing, T.H.,
M.J.F., J.D., B.M., M.B.C., T.K. and V.D.; supervision, V.D.; project administration, V.D. All authors
have read and agreed to the published version of the manuscript.



Diagnostics 2024, 14, 2669 10 of 12

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board of the “Commission cantonale d’éthique
de la recherche sur l’être humain Vaud” (CER-VD 2023-01584).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All the data can be obtained by contacting the corresponding author.

Conflicts of Interest: Tom Hilbert, Mario Joao Fartaria, Bénédicte Maréchal and Tobias Kober are
employed by Siemens Healthcare AG, Switzerland.

References
1. Vrenken, H.; Geurts, J.J.G.; Knol, D.L.; van Dijk, L.N.; Dattola, V.; Jasperse, B.; van Schijndel, R.A.; Polman, C.H.; Castelijns, J.A.;

Barkhof, F.; et al. Whole-Brain T1 Mapping in Multiple Sclerosis: Global Changes of Normal-appearing Gray and White Matter.
Radiology 2006, 240, 811–820. [CrossRef] [PubMed]

2. Wisnieff, C.; Ramanan, S.; Olesik, J.; Gauthier, S.; Wang, Y.; Pitt, D. Quantitative Susceptibility Mapping (Qsm) of White Matter
Multiple Sclerosis Lesions: Interpreting Positive Susceptibility and the Presence of Iron. Magn. Reson. Med. 2015, 74, 564–570.
[CrossRef] [PubMed]

3. Granziera, C.; Wuerfel, J.; Barkhof, F.; Calabrese, M.; De Stefano, N.; Enzinger, C.; Evangelou, N.; Filippi, M.; Geurts, J.J.;
Reich, D.S.; et al. Quantitative Magnetic Resonance Imaging Towards Clinical Application in Multiple Sclerosis. Brain 2021,
144, 1296–1311. [CrossRef] [PubMed]

4. Stüber, C.; Pitt, D.; Wang, Y. Iron in Multiple Sclerosis and Its Noninvasive Imaging with Quantitative Susceptibility Mapping.
Int. J. Mol. Sci. 2016, 17, 100. [CrossRef]

5. Langkammer, C.; Schweser, F.; Krebs, N.; Deistung, A.; Goessler, W.; Scheurer, E.; Sommer, K.; Reishofer, G.; Yen, K.; Fazekas,
F.; et al. Quantitative Susceptibility Mapping (QSM) as a Means to Measure Brain Iron? A Post Mortem Validation Study.
Neuroimage 2012, 62, 1593–1599. [CrossRef]

6. Schweser, F.; Raffaini Duarte Martins, A.L.; Hagemeier, J.; Lin, F.; Hanspach, J.; Weinstock-Guttman, B.; Hametner, S.; Bergsland,
N.; Dwyer, M.G.; Zivadinov, R. Mapping of Thalamic Magnetic Susceptibility in Multiple Sclerosis Indicates Decreasing Iron with
Disease Duration: A Proposed Mechanistic Relationship between Inflammation and Oligodendrocyte Vitality. Neuroimage 2018,
167, 438–452. [CrossRef]

7. Chen, W.; Zhang, Y.; Mu, K.; Pan, C.; Gauthier, S.A.; Zhu, W.; Wang, Y. Quantifying the Susceptibility Variation of Normal-
Appearing White Matter in Multiple Sclerosis by Quantitative Susceptibility Mapping. Am. J. Roentgenol. 2017, 209, 889–894.
[CrossRef]

8. Langkammer, C.; Liu, T.; Khalil, M.; Enzinger, C.; Jehna, M.; Fuchs, S.; Fazekas, F.; Wang, Y.; Ropele, S. Quantitative Susceptibility
Mapping in Multiple Sclerosis. Radiology 2013, 267, 551–559. [CrossRef]

9. Hametner, S.; Wimmer, I.; Haider, L.; Pfeifenbring, S.; Brück, W.; Lassmann, H. Iron and Neurodegeneration in the Multiple
Sclerosis Brain. Ann. Neurol. 2013, 74, 848–861. [CrossRef]

10. Zivadinov, R.; Tavazzi, E.; Bergsland, N.; Hagemeier, J.; Lin, F.; Dwyer, M.G.; Carl, E.; Kolb, C.; Hojnacki, D.; Ramasamy, D.; et al.
Brain Iron at Quantitative MRI Is Associated with Disability in Multiple Sclerosis. Radiology 2018, 289, 487–496. [CrossRef]

11. Kipp, M.; Wagenknecht, N.; Beyer, C.; Samer, S.; Wuerfel, J.; Nikoubashman, O. Thalamus Pathology in Multiple Sclerosis: From
Biology to Clinical Application. Cell. Mol. Life Sci. 2015, 72, 1127–1147. [CrossRef] [PubMed]

12. Magon, S.; Tsagkas, C.; Gaetano, L.; Patel, R.; Naegelin, Y.; Amann, M.; Parmar, K.; Papadopoulou, A.; Wuerfel, J.; Stippich, C.;
et al. Volume loss in the Deep Gray Matter and Thalamic Subnuclei: A Longitudinal Study on Disability Progression in Multiple
Sclerosis. J. Neurol. 2020, 267, 1536–1546. [CrossRef] [PubMed]

13. Azevedo, C.J.; Cen, S.Y.; Khadka, S.; Liu, S.; Kornak, J.; Shi, Y.; Zheng, L.; Hauser, S.L.; Pelletier, D. Thalamic Atrophy in Multiple
Sclerosis: A Magnetic Resonance IMAGING Marker of Neurodegeneration Throughout Disease. Ann. Neurol. 2018, 83, 223–234.
[CrossRef] [PubMed]

14. Eshaghi, A.; Prados, F.; Brownlee, W.J.; Altmann, D.R.; Tur, C.; Cardoso, M.J.; De Angelis, F.; van de Pavert, S.H.; Cawley, N.;
De Stefano, N.; et al. Deep Gray Matter Volume Loss Drives Disability Worsening in Multiple Sclerosis. Ann. Neurol. 2018,
83, 210–222. [CrossRef]

15. Schoonheim, M.M.; Hulst, H.E.; Brandt, R.B.; Strik, M.; Wink, A.M.; Uitdehaag, B.M.J.; Barkhof, F.; Geurts, J.J.G. Thalamus
Structure and Function Determine Severity of Cognitive Impairment in Multiple Sclerosis. Neurology 2015, 84, 776–783. [CrossRef]

16. Rocca, M.A.; Mesaros, S.; Pagani, E.; Sormani, M.P.; Comi, G.; Filippi, M. Thalamic Damage and Long-term Progression of
Disability in Multiple Sclerosis. Radiology 2010, 257, 463–469. [CrossRef]

17. Henry, R.G.; Shieh, M.; Okuda, D.T.; Evangelista, A.; Gorno-Tempini, M.L.; Pelletier, D. Regional Grey Matter Atrophy in
Clinically Isolated Syndromes at Presentation. J. Neurol. Neurosurg. Psychiatry 2008, 79, 1236–1244. [CrossRef]

18. Henry, R.G.; Shieh, M.; Amirbekian, B.; Chung, S.; Okuda, D.T.; Pelletier, D. Connecting White Matter Injury and Thalamic
Atrophy in Clinically Isolated Syndromes. J. Neurol. Sci. 2009, 282, 61–66. [CrossRef]

https://doi.org/10.1148/radiol.2403050569
https://www.ncbi.nlm.nih.gov/pubmed/16868279
https://doi.org/10.1002/mrm.25420
https://www.ncbi.nlm.nih.gov/pubmed/25137340
https://doi.org/10.1093/brain/awab029
https://www.ncbi.nlm.nih.gov/pubmed/33970206
https://doi.org/10.3390/ijms17010100
https://doi.org/10.1016/j.neuroimage.2012.05.049
https://doi.org/10.1016/j.neuroimage.2017.10.063
https://doi.org/10.2214/AJR.16.16851
https://doi.org/10.1148/radiol.12120707
https://doi.org/10.1002/ana.23974
https://doi.org/10.1148/radiol.2018180136
https://doi.org/10.1007/s00018-014-1787-9
https://www.ncbi.nlm.nih.gov/pubmed/25417212
https://doi.org/10.1007/s00415-020-09740-4
https://www.ncbi.nlm.nih.gov/pubmed/32040710
https://doi.org/10.1002/ana.25150
https://www.ncbi.nlm.nih.gov/pubmed/29328531
https://doi.org/10.1002/ana.25145
https://doi.org/10.1212/WNL.0000000000001285
https://doi.org/10.1148/radiol.10100326
https://doi.org/10.1136/jnnp.2007.134825
https://doi.org/10.1016/j.jns.2009.02.379


Diagnostics 2024, 14, 2669 11 of 12

19. Schweser, F.; Hagemeier, J.; Dwyer, M.G.; Bergsland, N.; Hametner, S.; Weinstock-Guttman, B.; Zivadinov, R. Decreasing Brain
Iron in Multiple Sclerosis: The Difference between Concentration and Content in Iron MRI. Hum. Brain Mapp. 2021, 42, 1463–1474.
[CrossRef]

20. von Elm, E.; Altman, D.G.; Egger, M.; Pocock, S.J.; Gøtzsche, P.C.; Vandenbroucke, J.P. The Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) Statement: Guidelines for Reporting Observational Studies. J. Clin. Epidemiol.
2008, 61, 344–349. [CrossRef]

21. Polman, C.H.; Reingold, S.C.; Banwell, B.; Clanet, M.; Cohen, J.A.; Filippi, M.; Fujihara, K.; Havrdova, E.; Hutchinson, M.; Kappos,
L. Diagnostic Criteria for Multiple Sclerosis: 2010 Revisions to the McDonald Criteria. Ann. Neurol. 2011, 69, 292–302. [CrossRef]
[PubMed]

22. Fartaria, M.J.; Bonnier, G.; Roche, A.; Kober, T.; Meuli, R.; Rotzinger, D.; Frackowiak, R.; Schluep, M.; Du Pasquier, R.; Thiran, J.P.
Automated Detection of White Matter and Cortical Lesions in early Stages of Multiple Sclerosis. J. Magn. Reson. Imaging 2016,
43, 1445–1454. [CrossRef] [PubMed]

23. Fartaria, M.J.; Roche, A.; Meuli, R.; Granziera, C.; Kober, T.; Bach Cuadra, M. Segmentation of Cortical and Subcortical Multiple
Sclerosis Lesions Based on Constrained Partial Volume Modeling. In Proceedings of the Medical Image Computing and Computer
Assisted Intervention, MICCAI 2017: 20th International Conference, Quebec City, QC, Canada, 11–13 September 2017; pp. 142–149.

24. Fartaria, M.J.; Todea, A.; Kober, T.; O’Brien, K.; Krueger, G.; Meuli, R.; Granziera, C.; Roche, A.; Bach Cuadra, M. Partial
Volume-Aware Assessment of Multiple Sclerosis Lesions. Neuroimage Clin. 2018, 18, 245–253. [CrossRef] [PubMed]

25. Schmitter, D.; Roche, A.; Maréchal, B.; Ribes, D.; Abdulkadir, A.; Bach-Cuadra, M.; Daducci, A.; Granziera, C.; Klöppel, S.;
Maeder, P. An Evaluation of Volume-Based Morphometry for Prediction of Mild Cognitive Impairment and Alzheimer’s Disease.
NeuroImage Clin. 2015, 7, 7–17. [CrossRef]

26. Deverdun, J.; Molino, F.; de Champfleur, N.M.; Le Bars, E. Validation of a Quantitative Susceptibility Mapping Acquisition and
Reconstruction Pipeline Using a New Iron Sucrose based MR Susceptibility Phantom. J. Neuroradiol. 2017, 44, 269–272. [CrossRef]

27. Carra-Dalliere, C.; Menjot de Champfleur, N.; Deverdun, J.; Ayrignac, X.; Nerrant, E.; Makinson, A.; Casanova, M.L.; Labauge, P.
Use of Quantitative Susceptibility Mapping (QSM) in Progressive Multifocal Leukoencephalopathy. J. Neuroradiol. 2016, 43, 6–10.
[CrossRef]

28. Straub, S.; Schneider, T.M.; Emmerich, J.; Freitag, M.T.; Ziener, C.H.; Schlemmer, H.-P.; Ladd, M.E.; Laun, F.B. Suitable Reference
Tissues for Quantitative Susceptibility Mapping of the Brain. Magn. Reson. Med. 2017, 78, 204–214. [CrossRef]

29. Wang, Y.; Liu, T. Quantitative susceptibility mapping (QSM): Decoding MRI data for a Tissue Magnetic Biomarker. Magn. Reson.
Med. 2015, 73, 82–101. [CrossRef]

30. Feng, X.; Deistung, A.; Reichenbach, J.R. Quantitative Susceptibility Mapping (QSM) and R2* in the Human Brain at 3T: Evaluation
of Intra-Scanner Repeatability. Z. Med. Phys. 2018, 28, 36–48. [CrossRef]

31. Klein, S.; Staring, M.; Murphy, K.; Viergever, M.A.; Pluim, J.P. Elastix: A toolbox for Intensity-Based Medical Image Registration.
IEEE Trans. Med. Imaging 2009, 29, 196–205. [CrossRef]

32. Fisher, R.A. The Distribution of the Partial Correlation Coefficient. Metron 1924, 3, 329–332.
33. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple testing. J. R. Stat.

Soc. Ser. B 1995, 57, 289–300. [CrossRef]
34. Voon, C.C.; Wiltgen, T.; Wiestler, B.; Schlaeger, S.; Mühlau, M. Quantitative Susceptibility Mapping in Multiple Sclerosis: A

Systematic Review and Meta-Analysis. Neuroimage Clin. 2024, 42, 103598. [CrossRef] [PubMed]
35. Pietroboni, A.M.; Colombi, A.; Contarino, V.E.; Russo, F.M.L.; Conte, G.; Morabito, A.; Siggillino, S.; Carandini, T.; Fenoglio, C.;

Arighi, A. Quantitative Susceptibility Mapping of the normal-Appearing WHITE Matter as a Potential New Marker of Disability
progression in multiple sclerosis. Eur. Radiol. 2023, 33, 5368–5377. [CrossRef]

36. Li, D.K.; Held, U.; Petkau, J.; Daumer, M.; Barkhof, F.; Fazekas, F.; Frank, J.A.; Kappos, L.; Miller, D.H.; Simon, J.H.; et al. MRI T2
Lesion Burden in Multiple Sclerosis: A Plateauing Relationship with Clinical Disability. Neurology 2006, 66, 1384–1389. [CrossRef]

37. Filippi, M.; Rocca, M.A. Conventional MRI in Multiple Sclerosis. J. Neuroimaging 2007, 17 (Suppl. S1), 3S–9S. [CrossRef]
38. Zhang, Y.; Gauthier, S.A.; Gupta, A.; Comunale, J.; Chia-Yi Chiang, G.; Zhou, D.; Chen, W.; Giambrone, A.E.; Zhu, W.; Wang,

Y. Longitudinal Change in Magnetic Susceptibility of New Enhanced Multiple Sclerosis (MS) Lesions Measured on Serial
Quantitative Susceptibility Mapping (QSM). J. Magn. Reson. Imaging 2016, 44, 426–432. [CrossRef]

39. Kaunzner, U.W.; Kang, Y.; Zhang, S.; Morris, E.; Yao, Y.; Pandya, S.; Hurtado Rua, S.M.; Park, C.; Gillen, K.M.; Nguyen, T.D.; et al.
Quantitative Susceptibility Mapping Identifies Inflammation in a Subset of Chronic Multiple Sclerosis Lesions. Brain J. Neurol.
2019, 142, 133–145. [CrossRef]

40. Eskreis-Winkler, S.; Deh, K.; Gupta, A.; Liu, T.; Wisnieff, C.; Jin, M.; Gauthier, S.A.; Wang, Y.; Spincemaille, P. Multiple Sclerosis
Lesion Geometry in Quantitative Susceptibility Mapping (QSM) and Phase Imaging. J. Magn. Reson. Imaging 2015, 42, 224–229.
[CrossRef]

41. Chen, W.; Gauthier, S.A.; Gupta, A.; Comunale, J.; Liu, T.; Wang, S.; Pei, M.; Pitt, D.; Wang, Y. Quantitative Susceptibility Mapping
of Multiple Sclerosis Lesions at Various Ages. Radiology 2014, 271, 183–192. [CrossRef]

42. Burgetova, A.; Dusek, P.; Vaneckova, M.; Horakova, D.; Langkammer, C.; Krasensky, J.; Sobisek, L.; Matras, P.; Masek, M.;
Seidl, Z. Thalamic Iron Differentiates Primary-Progressive and Relapsing-Remitting Multiple Sclerosis. Am. J. Neuroradiol. 2017,
38, 1079–1086. [CrossRef] [PubMed]

https://doi.org/10.1002/hbm.25306
https://doi.org/10.1016/j.jclinepi.2007.11.008
https://doi.org/10.1002/ana.22366
https://www.ncbi.nlm.nih.gov/pubmed/21387374
https://doi.org/10.1002/jmri.25095
https://www.ncbi.nlm.nih.gov/pubmed/26606758
https://doi.org/10.1016/j.nicl.2018.01.011
https://www.ncbi.nlm.nih.gov/pubmed/29868448
https://doi.org/10.1016/j.nicl.2014.11.001
https://doi.org/10.1016/j.neurad.2016.12.012
https://doi.org/10.1016/j.neurad.2015.08.001
https://doi.org/10.1002/mrm.26369
https://doi.org/10.1002/mrm.25358
https://doi.org/10.1016/j.zemedi.2017.05.003
https://doi.org/10.1109/TMI.2009.2035616
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1016/j.nicl.2024.103598
https://www.ncbi.nlm.nih.gov/pubmed/38582068
https://doi.org/10.1007/s00330-022-09338-6
https://doi.org/10.1212/01.wnl.0000210506.00078.5c
https://doi.org/10.1111/j.1552-6569.2007.00129.x
https://doi.org/10.1002/jmri.25144
https://doi.org/10.1093/brain/awy296
https://doi.org/10.1002/jmri.24745
https://doi.org/10.1148/radiol.13130353
https://doi.org/10.3174/ajnr.A5166
https://www.ncbi.nlm.nih.gov/pubmed/28450431


Diagnostics 2024, 14, 2669 12 of 12

43. Chiang, G.C.; Hu, J.; Morris, E.; Wang, Y.; Gauthier, S.A. Quantitative Susceptibility Mapping of the Thalamus: Relationships with
Thalamic Volume, Total Gray Matter Volume, and T2 Lesion Burden. Am. J. Neuroradiol. 2018, 39, 467–472. [CrossRef] [PubMed]

44. Rudko, D.A.; Solovey, I.; Gati, J.S.; Kremenchutzky, M.; Menon, R.S. Multiple Sclerosis: Improved Identification of Disease-
relevant Changes in Gray and White Matter by Using Susceptibility-Based Mr Imaging. Radiology 2014, 272, 851–864. [CrossRef]
[PubMed]

45. Lebel, R.M.; Eissa, A.; Seres, P.; Blevins, G.; Wilman, A.H. Quantitative High-Field Imaging of Sub-Cortical Gray Matter in
Multiple Sclerosis. Mult. Scler. J. 2012, 18, 433–441. [CrossRef]

46. Cobzas, D.; Sun, H.; Walsh, A.J.; Lebel, R.M.; Blevins, G.; Wilman, A.H. Subcortical Gray matter Segmentation and Voxel-Based
Analysis Using Transverse Relaxation and Quantitative Susceptibility Mapping with Application to Multiple Sclerosis. J. Magn.
Reson. Imaging 2015, 42, 1601–1610. [CrossRef]

47. Khalil, M.; Langkammer, C.; Pichler, A.; Pinter, D.; Gattringer, T.; Bachmaier, G.; Ropele, S.; Fuchs, S.; Enzinger, C.; Fazekas, F.
Dynamics of Brain Iron Levels in Multiple Sclerosis: A Longitudinal 3T MRI Study. Neurology 2015, 84, 2396–2402. [CrossRef]

48. Pontillo, G.; Cocozza, S.; Lanzillo, R.; Russo, C.; Stasi, M.D.; Paolella, C.; Vola, E.A.; Criscuolo, C.; Borrelli, P.; Palma, G.; et al.
Determinants of Deep Gray Matter Atrophy in Multiple Sclerosis: A Multimodal MRI Study. AJNR Am. J. Neuroradiol. 2019,
40, 99–106. [CrossRef]

49. Hagemeier, J.; Zivadinov, R.; Dwyer, M.G.; Polak, P.; Bergsland, N.; Weinstock-Guttman, B.; Zalis, J.; Deistung, A.; Reichenbach,
J.R.; Schweser, F. Changes of Deep Gray Matter Magnetic Susceptibility over 2 Years in Multiple Sclerosis and Healthy Control
Brain. Neuroimage Clin. 2018, 18, 1007–1016. [CrossRef]

50. Zivadinov, R.; Jakimovski, D.; Gandhi, S.; Ahmed, R.; Dwyer, M.G.; Horakova, D.; Weinstock-Guttman, B.; Benedict, R.R.H.;
Vaneckova, M.; Barnett, M.; et al. Clinical Relevance of Brain Atrophy Assessment in Multiple Sclerosis. Implications for Its Use
in a Clinical Routine. Expert Rev. Neurother. 2016, 16, 777–793. [CrossRef]

51. Yu, F.F.; Chiang, F.L.; Stephens, N.; Huang, S.Y.; Bilgic, B.; Tantiwongkosi, B.; Romero, R. Characterization of Normal-Appearing
White Matter in Multiple Sclerosis Using Quantitative Susceptibility Mapping in Conjunction with Diffusion Tensor Imaging.
Neuroradiology 2019, 61, 71–79. [CrossRef]

52. Pontillo, G.; Petracca, M.; Monti, S.; Quarantelli, M.; Lanzillo, R.; Costabile, T.; Carotenuto, A.; Tortora, F.; Elefante, A.; Morra,
V.B.; et al. Clinical Correlates of R1 Relaxometry and Magnetic Susceptibility Changes in Multiple Sclerosis: A Multi-Parameter
Quantitative MRI Study of Brain Iron and Myelin. Eur. Radiol. 2023, 33, 2185–2194. [CrossRef] [PubMed]

53. Choi, J.Y.; Jeong, I.H.; Oh, S.-H.; Oh, C.-H.; Park, N.Y.; Kim, H.J.; Lee, J. Evaluation of Normal-Appearing White Matter in Multiple
Sclerosis Using Direct Visualization of Short Transverse Relaxation Time Component (ViSTa) Myelin Water Imaging and Gradient
Echo and Spin Echo (GRASE) Myelin Water Imaging. J. Magn. Reson. Imaging 2019, 49, 1091–1098. [CrossRef] [PubMed]

54. Paling, D.; Tozer, D.; Wheeler-Kingshott, C.; Kapoor, R.; Miller, D.H.; Golay, X. Reduced R2′ in Multiple Sclerosis Normal
Appearing White Matter and Lesions May Reflect Decreased Myelin and Iron Content. J. Neurol. Neurosurg. Psychiatry 2012,
83, 785–792. [CrossRef]

55. Wang, C.; Barnett, M.H.; Yiannikas, C.; Barton, J.; Parratt, J.; You, Y.; Graham, S.L.; Klistorner, A. Lesion Activity and Chronic
Demyelination Are the Major Determinants of BRAIN Atrophy in MS. Neurol. Neuroimmunol. Neuroinflamm. 2019, 6, e593.
[CrossRef]

56. Fisher, E.; Lee, J.-C.; Nakamura, K.; Rudick, R.A. Gray Matter Atrophy in Multiple Sclerosis: A Longitudinal Study. Ann. Neurol.
2008, 64, 255–265. [CrossRef]

57. Hallgren, B.; Sourander, P. The Effect of Age on the Non-Haemin Iron in the Human Brain. J. Neurochem. 1958, 3, 41–51. [CrossRef]
58. Piredda, G.F.; Hilbert, T.; Thiran, J.P.; Kober, T. Probing Myelin Content of the Human Brain with MRI: A Review. Magn. Reson.

Med. 2021, 85, 627–652. [CrossRef]
59. Bao, J.; Tu, H.; Li, Y.; Sun, J.; Hu, Z.; Zhang, F.; Li, J. Diffusion Tensor Imaging Revealed Microstructural Changes in Normal-

Appearing White Matter Regions in Relapsing-Remitting Multiple Sclerosis. Front. Neurosci. 2022, 16, 837452. [CrossRef]
60. Margoni, M.; Villani, U.; Silvestri, E.; Franciotta, S.; Anglani, M.G.; Causin, F.; Rinaldi, F.; Perini, P.; Bertoldo, A.; Gallo,

P. Quantification of Normal-Appearing White Matter Damage in Early Relapse-Onset Multiple Sclerosis Through Neurite
Orientation Dispersion and Density Imaging. Mult. Scler. Relat. Disord. 2022, 58, 103396. [CrossRef]

61. Boaventura, M.; Sastre-Garriga, J.; Garcia-Vidal, A.; Vidal-Jordana, A.; Quartana, D.; Carvajal, R.; Auger, C.; Alberich, M.;
Tintore, M.; Rovira, A.; et al. T1/T2-Weighted Ratio in Multiple Sclerosis: A Longitudinal Study with Clinical Associations.
Neuroimage Clin. 2022, 34, 102967. [CrossRef]

62. Heckova, E.; Dal-Bianco, A.; Strasser, B.; Hangel, G.J.; Lipka, A.; Motyka, S.; Hingerl, L.; Rommer, P.S.; Berger, T.; Hnilicova,
P.; et al. Extensive Brain Pathologic Alterations Detected with 7.0-T MR Spectroscopic Imaging Associated with Disability in
Multiple Sclerosis. Radiology 2022, 303, 141–150. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3174/ajnr.A5537
https://www.ncbi.nlm.nih.gov/pubmed/29371258
https://doi.org/10.1148/radiol.14132475
https://www.ncbi.nlm.nih.gov/pubmed/24828000
https://doi.org/10.1177/1352458511428464
https://doi.org/10.1002/jmri.24951
https://doi.org/10.1212/WNL.0000000000001679
https://doi.org/10.3174/ajnr.A5915
https://doi.org/10.1016/j.nicl.2017.04.008
https://doi.org/10.1080/14737175.2016.1181543
https://doi.org/10.1007/s00234-018-2137-7
https://doi.org/10.1007/s00330-022-09154-y
https://www.ncbi.nlm.nih.gov/pubmed/36241917
https://doi.org/10.1002/jmri.26278
https://www.ncbi.nlm.nih.gov/pubmed/30240519
https://doi.org/10.1136/jnnp-2012-302541
https://doi.org/10.1212/NXI.0000000000000593
https://doi.org/10.1002/ana.21436
https://doi.org/10.1111/j.1471-4159.1958.tb12607.x
https://doi.org/10.1002/mrm.28509
https://doi.org/10.3389/fnins.2022.837452
https://doi.org/10.1016/j.msard.2021.103396
https://doi.org/10.1016/j.nicl.2022.102967
https://doi.org/10.1148/radiol.210614

	Introduction 
	Materials and Methods 
	Study Protocol 
	MRI Acquisition 
	MRI Post-Processing 
	Statistical Analysis 

	Results 
	Study Population 
	Interrelation Between Lesion Load, DGM Susceptibility and DGM Morphometry 
	Interrelation Between Lesion Load, NAWM Susceptibility and WM Morphometry 
	Interrelation Between NAWM and DGM Susceptibility 
	Interrelation Between EDSS Clinical Score and MRI Metrics 

	Discussion 
	References

