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ABSTRACT

Background: Changes in quantitative susceptibility mapping (QSM) of the deep grey matter (DGM) in multiple sclerosis (MS)
are thought to reflect tissue damage invisible in conventional magnetic resonance imaging (MRI) sequences, such as iron-related
neurodegeneration.

Objective: To explore the associations of clinical scores and MRI-based volumes with QSM values in the DGM (thalamus,
putamen, caudate, and pallidum) in a large cohort of people with MS, and to assess the predictive value of QSM values for clinical
outcomes after three years.

Methods: A total of 771 MS patients (clinically isolated syndrome (CIS): n = 35, relapsing-remitting: n = 637, progressive: n
= 63) were scanned at 3T with T1-weighted, T2-FLAIR, and QSM sequences. All patients were included in the cross-sectional
analyses examining the relationship of DGM QSM values with MRI variables and clinical scores. Normalized brain volume (NBV)
was computed using SIENAX, while total lesion volume (TLV) was derived from the lesion segmentation tool, LST-AI. Clinical
scores included the expanded disability status scale (EDSS), timed 25 foot walk (T25FW), Nine Hole Peg Test (9HPT), symbol digit
modalities test (SDMT), and fatigue scale for motor and cognitive functions (FSMC). In the longitudinal analyses, only clinical
scores were included, with various sample sizes across different clinical scores (Nypss = 396, Nyyspw = 284, Noypr = 284, Nypyr =
165, Nggvic = 288). These analyses evaluated the predictive value of baseline DGM QSM values for follow-up clinical scores; these
associations were compared to those of corresponding regional DGM volumes.

Results: At baseline, after adjusting for confounding factors, higher QSM values in the basal ganglia were significantly associated
with greater TLV (8 = 0.14 - 0.17; p < 0.001), higher clinical severity (EDSS: 8 = 0.13 - 0.19, p < 0.001), worse dexterity (NHPT:
B =0.14 - 0.16, p = 0.02), and lower cognitive functioning (SDMT: 8 = —0.13 — —0.15, p = 0.03). In contrast, lower thalamic QSM
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values were associated with greater TLV (8 = -0.07; p = 0.03). Unlike regional volumes, DGM QSM values did not predict clinical

outcomes at follow-up.

Conclusion: DGM QSM values are robustly associated with MS severity and TLV cross-sectionally. However, our large-scale
longitudinal analysis suggests that DGM QSM values lack prognostic value for short-term clinical progression in early-stage MS.

1 | Introduction

QSM is an advanced MRI technique that quantifies tissue
magnetic susceptibility, reflecting the underlying composition
of paramagnetic iron and diamagnetic myelin content in the
brain. Hence, this method enables the in vivo study of iron
deposition in DGM in multiple sclerosis (MS), which is linked
to neuroinflammation and neurodegeneration (Haider et al.
2014). Histopathological studies have demonstrated increased
iron content in the DGM in MS, correlating with increased
susceptibility values (QSM values) (Sun et al. 2015). This supports
the use of QSM as an in vivo, non-invasive method to quantify
iron content.

In a recent systematic review (De Lury et al. 2023) and our
recent meta-analysis (Voon et al. 2024), studies have consistently
shown significant QSM value changes in MS compared to healthy
controls (HC). Specifically, elevated QSM values have been
observed in the basal ganglia (caudate, putamen, and globus
pallidus), suggesting iron accumulation likely due to disrupted
iron homeostasis and oxidative injuries in these regions (Haider
et al. 2014, Wisnieff et al. 2015). With the basal ganglia structures
consisting mainly of subcortical nuclei and containing little
myelin, QSM changes are regarded as an indicator of iron-driven
pathology. Further research also proposed increased QSM values
in the basal ganglia may be dependent on regional atrophy,
resulting in higher iron concentration instead of the actual
increase in iron content (Schweser et al. 2018, Pontillo et al.
2021).

Conversely, decreased thalamic QSM values have been noted
in MS patients compared to HC (Voon et al. 2024). This may
be due to its overall higher myelin content, which decreases
in MS, and the MS-related depletion of iron stored within
oligodendrocytes following oxidative damage. The thalamus’
extensive connectivity throughout the brain also makes it par-
ticularly vulnerable to secondary neurodegeneration, including
Wallerian degeneration (Kipp et al. 2015). A study combining
diffusion MRI and QSM showed that thalamic atrophy in MS
is associated with widespread microstructural damage, whereas
other DGM regions, like the putamen and caudate, did not exhibit
significant atrophy (Krijnen et al. 2023). Additionally, Hidalgo
de la Cruz et al. (2021) reported that cortico-thalamic discon-
nections in patients with CIS predominantly occurred near the
third ventricle, indicating early vulnerability of the thalamus to
cerebrospinal fluid-mediated inflammatory processes. This aligns
with histopathological findings of a sub-ependymal gradient of
neuro-axonal loss and microglial activation in the thalamus of
progressive MS, further implicating chronic, compartmentalized
inflammation as a key pathological mechanism in MS (Hametner
et al. 2013). These findings highlight the distinct pathological
trajectories in the basal ganglia and thalamus in MS, which are

observable even in the early stages of the disease, including CIS
(Hidalgo De et al. 2021, Langkammer et al. 2013) and pediatric
MS (Mesaros et al. 2008, De Meo et al. 2021), and which can be
effectively detected using QSM imaging.

Despite the cumulative evidence on abnormal iron concentra-
tions reported in DGM in MS compared to HC (Voon et al.
2024) and neuromyelitis optica spectrum disorder (NMOSD) (Yan
et al. 2021), the relevance of DGM QSM values in relation to MS
clinical severity and MRI parameters remains unclear. Only a
few studies reported the association of QSM values with MRI
parameters, namely with lesion volume (Burgetova et al. 2017,
Chiang et al. 2018) and regional DGM volume (Pontillo et al. 2019,
Zivadinov et al. 2018). Moreover, findings on the relationship
between QSM values and the Expanded Disability Status Scale
(EDSS) were inconsistent. While some studies found a positive
correlation between QSM values in the basal ganglia and EDSS
scores (Burgetova et al. 2017), others did not (Hagemeier et al.
2018). These discrepancies may arise from smaller sample sizes or
the lack of control for confounding factors such as age and disease
duration. Of note, robust evidence has reported increased iron
content and DGM QSM values with age in healthy participants
(Hallgren and Sourander 1958, Madden and Merenstein 2023),
highlighting the need to control for age.

This study aimed to investigate how QSM values in the DGM
(thalamus, caudate, putamen, and pallidum) correlate with clini-
cal scores (physical, cognitive functioning, and fatigue) and MRI
surrogates (brain volume and white matter lesion volume) in MS,
while adjusting for age, sex, regional DGM volumes, and disease
duration. We also investigated whether baseline DGM QSM
values predicted MS clinical outcomes at follow-up. Moreover,
we used regional DGM volumes as a reference to evaluate the
explanatory strength of QSM values.

2 | Methods
2.1 | Participants

This retrospective study, approved by the local ethics committee
and adhering to the Declaration of Helsinki, included patients
meeting the following criteria: (1) written informed consent for
the scientific use of data obtained in clinical routine; (2) diagnosis
of MS according to 2017 McDonald criteria (Thompson et al.
2018) or CIS; (3) absence of medical conditions associated with
brain pathology, e.g., stroke or brain tumor; (4) no steroid use
within 30 days prior to MRI; (5) artifact-free acquisition of the
three MRI sequences used (routinely acquired at our institution
between 2019 and 2021); and (6) at least one clinical score within
two months before or after baseline MRI scan. For longitudinal
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analyses, clinical scores had to be obtained at least one year after
the baseline scores. If more than one follow-up investigation was
available, the latest was chosen. To reduce baseline variability and
to ensure that QSM prediction of the clinical course would be
meaningful, we focused on the early phase of MS. Accordingly,
we included patients with a disease duration of up to ten years
(Leray et al. 2010) but a still unrestricted walking distance
(EDSS score of 3.5 or lower) (Noseworthy and Kirkpatrick 2005);
further, we only analyzed the CIS/RRMS group as a whole
because of the small sample sizes of the subgroups of SPMS and
PPMS.

2.2 | MRI Protocol and Image Processing

All MRI scans were obtained at a Philips Ingenia 3T scanner
(Philips Healthcare, R5.6.1.0, Best, NL) with a 32-channel head
coil. The protocol consisted of three main sequences: (1) 3D sagit-
tal T1-weighted (T1w) magnetization prepared rapid acquisition
of gradient echo (MPRAGE): repetition time (TR) = 9 ms, echo
time (TE) = 4 ms, flip angle (FA) = 8°, voxel size = 0.75 x 0.75
x 0.75 mm?; (2) sagittal 3D fluid-attenuated inversion recovery
(FLAIR): TR = 4800 ms, TE = 317 ms, TI = 1650 ms, FA = 90°,
voxel size = 0.75 x 0.75 X 0.75 mm?; and (3) For QSM, axial 3D
multi-echo GRE sequence: TR = 41.75 ms, first TE = 6 ms, echo
spacing = 6.4 ms, number of echoes = 6 monopolar echoes, flip
angle = 20°, FOV = 230 x 187 x 170, acquired matrix = 328 X
267, acquisition voxel size = 0.7 X 0.7 X 1.5 mm, reconstructed
voxel = 0.5 X 0.5 X 0.75 mm, pixel bandwidth = 217 Hz/pixel,
flow compensation = first echo, CS-SENSE = 8, elliptical k-space
shutter = yes, scan duration = 3 min.

2.21 | QSM Reconstruction Using Multi-Echo Complex
Total-Field Inversion

We employed a new approach, multi-echo complex total field
inversion (mTFI), to reconstruct QSM images directly from multi-
echo complex data (see Boehm et al. (2022) and Wen et al.
(2021) for related approaches). This method uses total variation
regularization with weights derived from the gradient of the
echo-time weighted image magnitudes, similar to MEDI (Liu
et al. 2012). The non-convex optimization process is initialized
using a total field inversion (Liu et al. 2017). mTFI offers
more robust QSM images compared to two established QSM
pipelines, MEDI and STI-ILSQR (Li et al. 2015), particularly
in reducing noise and improving background field removal.
Further details on the inverse problem equation for mTFI and the
evaluation and comparison of processing pipelines are provided
in Supplementary Information Sections 1-2 and Supplementary
Figures 1-4.

2.2.2 | Brain and Lesion Volume

Total brain volume, represented by NBV, was computed from
baseline native T1w images using the SIENAX toolbox from the
FMRIB software library (FSL) (Smith et al. 2002), while FIRST
toolbox was used to compute regional DGM volumes (Patenaude
et al. 2011). The total intracranial volume (TIV) was determined
through the reverse MNI brain mask method (Keihaninejad et al.

2010). TIV was used to adjust DGM volumes for head size through
division by the individual TIV and, to remain an intuitive scale,
multiplication by the mean TIV of the cohort under investigation.
T1w images were first registered to QSM space using FSL FLIRT,
then FSL FIRST was employed to process the registered Tlw
images to generate regional DGM masks for mean QSM value
extraction. The cerebrospinal fluid mask, obtained from SIENAX,
was used to extract QSM reference values (Smith et al. 2002). Total
white matter lesion volume (TLV) was segmented using the lesion
segmentation toolbox-artificial intelligence (https://github.com/
CompImg/LST-AI), based on FLAIR and Tlw images, with a
minimum lesion volume threshold of 15 mm? (Wiltgen et al.
2024), corresponding to a diameter of 3 mm (Thompson et al.
2018).

2.3 | Patient Characteristics, Clinical, and MRI
Variables

Patient demographics (age and sex), MS disease characteristics
(disease duration, MS subtype, clinical scores), and treatment
information were collected from routine clinical visits. Base-
line explanatory variables included regional DGM QSM values
or regional volumes. MRI outcome variables (MRI surrogates)
included NBV and TLV. To achieve normal distribution, TLV was
logarithmically transformed.

Clinical outcome variables in both baseline and follow-up analy-
sesincluded the EDSS (Kurtzke 1983), Nine-Hole Peg Test (NHPT)
(Mathiowetz et al. 1985), T25FW (Motl et al. 2017), SDMT (Smith
1982), and the total score of the fatigue scale for motor and
cognitive functions (FSMC) (Penner et al. 2009).

2.4 | Statistical Analysis

Our main analyses were three types of correlation analyses.
First, we performed simple correlations across all variables,
using Spearman’s rank correlation, accounting for non-normally
distributed variables. Second, to evaluate the relation of DGM
QSM values with clinical scores and MRI surrogates, adjusting for
age, sex, and disease duration, we used multiple linear regression
models. To provide a frame of reference for the effect sizes of
QSM values and to account for the confounding influence of
DGM volumes, which are related to MS disability (Eshaghi et al.
2018), we analyzed the analogous effect sizes of regional DGM
volumes. For each DGM structure, we separately assessed three
regression models, using (1) QSM values only; (2) regional DGM
volumes only; and (3) both QSM values and regional volumes
as explanatory variables. To ensure all variables were suitable
for model inclusion, we assessed potential collinearity using
the variance inflation factor (VIF). All variables had VIF values
below 3, well below the critical threshold of 10 (O’brien 2007).
Other regression assumptions were evaluated by visually inspect-
ing residual plots for homoscedasticity and linearity. Potential
deviations from normality were addressed using permutation
testing with 10,000 iterations. No major violations of linearity
or homoscedasticity were observed. Since effect sizes did not
considerably differ across models (model 1 vs. 3, and model 2
vs. 3) and as the third model yielded independent contributions,
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https://github.com/CompImg/LST-AI

we only report the third here. These cross-sectional models
were:

Outcome variable at baseline = 3, + 3, (baseline QSM values) +
B, (baseline regional volumes) + 3; (baseline age) + 3, (sex) + S35
(baseline disease duration) + ¢

Third, to evaluate the predictive value of DGM QSM values on
clinical outcomes, multiple linear regression was employed to
compute the associations of baseline QSM values and regional
volumes with follow-up clinical measures, adjusting for age,
sex, disease duration at baseline, and follow-up intervals. Note
that to account for disease stage, baseline outcome variables
were also included in these longitudinal models. Again, for each
DGM structure, we assessed three models, using (1) baseline
QSM values only; (2) baseline DGM regional volumes only; and
(3) both baseline QSM values and baseline regional volumes as
explanatory variables, reporting only the third due to similar
effect sizes (model 1 vs. 3, and model 2 vs 3). These longitudinal
models were:

Outcome variable at follow-up = 8 , + 3, (baseline QSM values)
+ 3, (baseline regional volume) + 3; (baseline age) + 8, (sex) +
Bs (baseline disease duration) + 3, (baseline outcome variable) +
B, (follow-up interval) + €

Results were corrected for multiple comparisons. Each model
included QSM values and regional volumes of the four DGM
regions across seven outcomes (five clinical outcomes, two MRI
parameters for cross-sectional analyses) for cross-sectional anal-
yses (marked in Table 1 and Table 2), and five clinical outcomes
for longitudinal analyses, yielding 28 models for cross-sectional
and 20 for longitudinal analyses. Statistical significance was
determined using 10000 iterations of permutation and a false
discovery rate correction (FDR) of 0.05. FDR correction was
applied within each group of models sharing the same outcome
variables. All analyses were conducted in R v4.4 (R Core Team
2024).

Abbreviations: DGM = deep grey matter, EDSS = expanded
disability status scale, FLAIR = fluid-attenuated inversion recov-
ery, FSMC = fatigue scale for motor and cognitive functions,
MRI = magnetic resonance imaging, MS = multiple sclerosis,
N = number (sample size), NHPT = nine-hole peg test, PMS
= progressive MS, SDMT = symbol digit modalities test, TIw =
Tl-weighted, T25FW = timed 25-foot walk.

3 | Results
3.1 | Study Participants

Figure 1 illustrates the patient inclusion and exclusion process.
Our study included 771 MS patients, with a mean age of 40 + 11
years at baseline; 64.3% were female. Baseline MRI scans were
obtained between 2019 and 2020, averaging 7.4 years after MS
onset. The median follow-up duration for clinical assessments
was 3.7 years. Of the 771 patients, 396 patients had at least one
follow-up clinical score. Patient characteristics are detailed in
Tables 1 and 2.

3.2 | Cross-Sectional Correlations of all Variables

Figure 2 shows Spearman’s correlations among all variables
after FDR corrections. Basal ganglia QSM values demonstrated
significant correlations with multiple clinical and MRI variables.
Specifically, higher QSM values were associated with lower NBV
(Caudate: Spearman correlation coefficients (r,) = -0.24, p = 1.3
X 1071, poomrected < 3.9 X 10711; Putamen: r; = -0.26, p =2 X 10753,
Deorrected = 8-9 X 1075; Pallidum: r, = -0.23, p =1 X 107", porected =
2 x 1071) and increased TLV (Caudate: r, = 0.22, p =1 x 107°,
Pcorrected = 3% 1079; Putamen: rs = 0.21, p= 7 X 10795 Pcorrected
= 2 x 1078; Pallidum: r, = 0.18, p = 8 X 1077, Peomrected = 2 X
107°). Clinically, higher basal ganglia QSM values correlated with
increased disability as reflected by higher EDSS scores (Caudate:
ry=024,p=6 X107 P ireciea = 1 X 107%; Putamen: r, = 0.26, p
=2 X 10", peorectea = 7 X 107%; Pallidum: r, = 0.2, p =2 x 1077,
Deorrected = 4 X 1077), longer completion time for T25FW (Caudate:
Fy=0.15,p=1X%1073, peorrectea = 1 X 1073; Putamen: r, = 0.21, p
=8 X 107°, Poorrected = 1 X 1073; Pallidum: r, = 0.16, p = 5 X 1074,
Deorrected = 8 X 107%), slower performance on NHPT (Caudate: r, =
0.24,p =3 X 1077, Peorrected = 5 X 1077 Putamen: r, = 0.26, p =3 X
1078’ Pcorrected = 7X 1078; Pallidum: ry= 023’ p= Ix 1076’ Pcorrected
=2 % 107%), and lower SDMT scores (Caudate: r, = 0.3, p = 8 X
1072, Peorrected = 2 X 1075 Putamen: r; = 0.32, p =3 X 107°, . rected
=7 % 107; Pallidum: r, = 0.25, p = 2 X 1075, Prorrected = 3 X 1076,
indicating greater motor and cognitive impairment.

Thalamic QSM values exhibited fewer significant correlations.
Lower thalamic QSM values were significantly correlated with
increased TLV (r, = -0.11, p = 3 X 1073, Peorrected = 4.1 X 1073),
slower NHPT performance (r, = 0.1, p = 3 X 1072, Peorrected =
3 x 1072), and lower FSMC scores (r, = -0.11, p = 2 x 1072,
Deorrected = 2 X 1072), indicating a relationship between reduced
thalamic QSM values and greater lesion burden, impaired upper
limb movements, and increased fatigue.

Regional volumes displayed stronger correlations with both clin-
ical and MRI outcomes (absolute r;: 0.12-0.56) compared to QSM
values (absolute ry: 0.11-0.32). Additionally, basal ganglia QSM
values were negatively correlated with DGM volumes. Notably,
basal ganglia QSM values showed stronger positive correlations
with age (Caudate: r, = 0.5, p <1 X 1075, poorrecied < 1 X 10715,
Putamen: r, = 0.63, p <1 x 1071, p .4 <1 x 1076; Pallidum:
Fy =053, p <1X107%, poorreced < 1 X 10719) than with disease
duration (Caudate: r, = 0.13, p = 3.3 X 107, Poorrected = 4.9 X 1074;
Putamen: r; = 0.18, p = 6.3 X 1077, Porrected = 1.2 X 1075; Pallidum:
=013, p =19 X107, Peorrected = 2.9 X 1074).

3.3 | Cross-Sectional Associations of DGM QSM
Values and Regional Volumes With Clinical and
MRI Parameters

Figure 3 illustrates the associations of QSM values and regional
volumes (corrected for each other, see 2.4) with clinical and
MRI parameters at baseline, adjusting for age, sex, and disease
duration. Significant standardized beta values (8), denoting the
strength of associations, are given in each cell. In general, regional
volumes exhibited stronger significant associations with clinical
outcomes and MRI surrogates (absolute 5 range: 0.10-0.51) than
DGM QSM values (absolute 3 range: 0.07-0.19). Still, high basal
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TABLE 1 | Baseline characteristics of patients.

Cross-sectional cohort

CIS RRMS SPMS PPMS Total
N 35 673 26 37 771
Age 39.9 (11.6) 38.9(10.4) 54.9 (7.9) 51.2(9.4) 40.0 (11.0)
Sex
Female (%) 21 (60.0%) 441 (65.2%) 14 (53.8%) 20 (54.1%) 496 (64.3%)
Male (%) 14 (40.0%) 232 (34.5%) 12 (46.2%) 17 (45.9%) 275 (35.7%)
Disease duration 3.0(2.3) 7.3(5.7) 21.6 (7.0) 3.4(3.5) 7.4 (6.3)
(years)
QSM values (ppm)
Thalamus —0.005 (0.009) —0.008 (0.010) —0.011 (0.013) —0.005 (0.014) —0.008 (0.010)
Caudate 0.041 (0.019) 0.041 (0.016) 0.057 (0.025) 0.057 (0.026) 0.042 (0.018)
Putamen 0.050 (0.029) 0.048 (0.026) 0.076 (0.030) 0.073 (0.039) 0.050 (0.028)
Pallidum 0.099 (0.032) 0.097 (0.027) 0.120 (0.031) 0.120 (0.038) 0.099 (0.028)
+ + — + +
MRI surrogates (mL)
White matter lesion 0.9 (1.5) 5.8(8.5) 21.0 (15.6) 9.9 (13.8) 6.3(9.9)
volume ?
Normalized total 1436.7 (49.13) 1421.3 (53.5) 1342.7 (90.2) 1397.0 (51.5) 1418.2 (56.8)
brain volume
Regional volumes (mL) b
Thalamus 13.7(0.9) 13.0 (1.2) 11.3 (1.6) 12.7(1.3) 13.0 (1.3)
Caudate 6.9 (0.7) 6.6 (0.8) 6.0 (1.0) 6.4 (0.6) 6.6 (0.8)
Putamen 8.9 (0.7) 8.6 (0.9) 7.6 (1.4) 8.3(0.9) 8.6 (0.9)
Pallidum 3.0(0.4) 2.9(0.4) 2.5(0.6) 2.9(0.4) 2.9(0.5)
Disease Modifying Treatment
Untreated 16 (45.7%) 159 (23.6%) 9 (34.6%) 19 (51.4%) 203 (26.3%)
Cladribine 0 (0.0%) 3(0.4%) 0(0.0%) 0(0.0%) 3(0.4%)
Dimethyl fumarate 2(5.7%) 109 (16.2%) 0 (0.0%) 0 (0.0%) 111 (14.4%)
Fingolimod 0(0.0%) 100 (14.9%) 1(3.8%) 0(0.0%) 101 (13.1%)
Glatiramer acetate 9 (25.7%) 90 (13.4%) 0 (0.0%) 0 (0.0%) 99 (12.8%)
Interferon 3 8(22.9%) 82 (12.2%) 7 (26.9%) 0 (0.0%) 97 (12.6%)
Mitoxantrone 0 (0.0%) 0 (0.0%) 2(7.7%) 0 (0.0%) 2(0.3%)
Natalizumab 0(0.0%) 30 (4.5%) 0(0.0%) 0(0.0%) 30 (3.9%)
Ocrelizumab 0 (0.0%) 56 (8.3%) 0(0.0%) 13 (35.1%) 69 (8.9%)
Rituximab 0 (0.0%) 16 (2.4%) 7 (26.9%) 5(13.5%) 28 (3.6%)
Teriflunomide 0 (0.0%) 28 (4.2%) 0 (0.0%) 0 (0.0%) 28 (3.6%)

Note: Values in the table are presented as mean (standard deviation).

2Lesion volumes are reported without log-transformation.

bRegional volumes are corrected for head size by dividing each regional brain volume by the individual total intracranial volume (TIV), then multiplying by the
cohort mean TIV.

Abbreviation: CIS = clinically isolated syndrome, EDSS = Expanded Disability Status Scale, RRMS = relapsing-remitting multiple sclerosis, SPMS = secondary
progressive multiple sclerosis, PPMS = primary progressive multiple sclerosis, QSM = quantitative susceptibility mapping.
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1079 participants with QSM scans

MRI exclusion criteria (applied sequentially):
1) 88 without informed consent
2) 122 without MS diagnosis
3) 31 with different scan parameters
4) 24 had corticosteroid treatment 30 days prior to MRI scan
5) 10 without T1w or FLAIR for lesion and DGM segmentation

804 participants fulfil inclusion criteria

Sequential exclusion by MRI scan quality check:
1) 9 poor scan quality
2) 24 poor segmentation

—p

| 771 eligible for statistical analyses |

1 l—' > 131 without eligible baseline clinical scores

MRI analyses
N Brain volume/Lesjon =771

Clinical analyses
Nepss = 640, Nraspw = 458, Nnppr = 451, Ngpwr = 361, Npsme = 448

Cross-sectional analyses

Sequential exclusion criteria:

1) > 135 disease duration > 10 years or EDSS > 3.5
or PMS diagnosis

2) > 109 without follow-up clinical score

Clinical analyses ‘

Longitudinal analyses Nipss = 396, Npasew = 284, Nygpr = 284, Neparr = 165, Neswic = 288

FIGURE 1 | Flow chart for patient selection.

Discase Duration

Age 0.33
Pallidum QSM BN 0.13 0.15
Putamen QSM 063 0.18 0.13
Caudate QSM 050 013 0.7
Thalamus QSM 050 050 049 0.12 -0.13 0.30
Pallidum Volume -0.10 -0.14 20.09 025 -0.13
Putamen Volume 047 020 -025 -0.18 -0.28 -0.25 i
Caudate Volume 043 033 20.19 -026 -020 -0.28 -026 -0.13
Thalamus Volume 044 052 048 2024 -028 -025 -0.23 -026 -0.19
FSMC 0.12 -0.13 -0.11 0.23 -0.14
SDMT 028 033 023 028 0.17 030 -032 -025 -036 -0.18
NHPT 2049 028 -028 -030 -023 -0.15 0.10 024 026 023 029 012 020
T25FW 041 -046 039 -0.15 -0.19 -0.21 0.15 021 0.6 032 013 -0.17
EDSS 033 036 -030 045 -023 -0.19 -0.29 -0.14 024 026 020 036 0.19
Total Lesion Volume 027 017 021 -029 012 -0.56 -0.43 -0.40 -0.26 -0.11 022 021 0.8 0.14 032
Total Brain Volume 035 -025  -0.14 -0.16 0.19 040 024 033 0.17 024 -026 -023 -035 -029
FFF TS TS S
e & ¢ & & & I A\\C\@
& P P A R
pr

FIGURE 2 | Correlation matrix for all baseline variables. Color cells represent Spearman’s correlation coefficients for significant correlations
(corrected p < 0.05). Correlations of clinical scores and MRI parameters with regional volumes are marked in bold blue and with QSM values in bold
green. Correlations of age with regional volumes or with QSM values are marked in bold purple. A complete correlation matrix, including Spearman’s
correlation coefficients and sample size for all cells, is provided in Supplementary Figure 5. Total lesion volume was logarithmically transformed, sex
was coded with female as 0 and male as 1. Abbreviations: EDSS = expanded disability status scale, T25FW = timed 25-foot walk, NHPT = nine-hole peg
test, SDMT = symbol digit modalities test, FSMC = fatigue scale for motor and cognitive functions, QSM = susceptibility values
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TABLE 2 | Baseline clinical characteristics.

+ Cross-sectional cohort Longitudinal cohort

+ CIS RRMS SPMS PPMS Total CIS + RRMS

N 25 569 16 30 640 396

EDSS # 1.0 15 5.0 4.0 15 1.0

(0,1.5) (0, 2.0) (3.5, 6.0) (3.0, 4.5) (0, 2.0) (0, 2.0)
N 17 420 12 9 458 284
T25FW # 3.7 4.2 6.8 53 4.2 4.2
(3.5,4.3) (3.7,4.7) (5.0,8.8) (4.5,6.7) (3.7,4.7) (3.7, 4.6)

N 17 421 7 6 451 284

NHPT * 16.9 18.3 27.8 21.5 18.3 18.0
(16.2,18.8) (16.8,19.8) (21.8,29.3) (18.7,30.3) (16.9,19.8) (16.5,19.3)

N 12 337 7 5 361 165

SDMT ? 63.0 62.0 39.0 51.0 61.0 62.0
(61.8, 73.3) (54.0, 68.0) (35.5,45.5) (47.0, 57.0) (54.0, 68.0) (57.0, 70.0)

N 17 420 7 4 448 288

FSMC ? 26.0 37.0 70.0 (56.0, 74.5)  61.0(53.3,71.8)  37.5(23.8,61.0) 34,5
(20.0, 48.0) (23.8, 60.0) (24.0, 59.3)

Note: Values in the table are presented as median (interquartile range).
2Clinical variables were analyzed as outcome variables.
bThe follow-up interval for all clinical variables ranged from 1 to 4.7 years, with a median of 3.7 years.

Abbreviation: CIS = clinically isolated syndrome, EDSS = Expanded Disability Status Scale, FSMC = Fatigue Scale for Motor and Cognitive Functions, NHPT =
Nine-Hole Peg Test, PPMS = primary progressive multiple sclerosis, RRMS = relapsing-remitting multiple sclerosis, SDMT = Symbol Digit Modalities Test, SPMS
= secondary progressive multiple sclerosis, T25FW = Timed 25-Foot Walk.

Thalamus Volume | 0.35 =0.51 -0.21 -0.12 -0.18 0.26
_ Caudate Volume 0.15 -0.35 -0.12 0.12
;g Putamen Volume  0.27 -0.33 -0.19 -0.11 -0.13 0.19 Stndudized
S palidum Volume 0,10 -0.18 -0.15 -0.12 0.14 0s
é Thalamus QSM -0.07 0'0_
£ Coudmeosm 0.17 0.19 0.14 -0.14 u,
¥ puamenQsm 0.14 0.15 0.16 -0.15

Pallidum QSM 0.14 0.13 0.15 -0.13

& S § 45‘4x &

Outcome variables

FIGURE 3 | Cross-sectional associations of DGM susceptibility and
volumes with clinical and MRI parameters. Colored cells represent
standardized 8 of significant associations (corrected p < 0.05). Each
column demonstrates the associations of one outcome variable at baseline
with four different regional DGM volumes and QSM values, adjusted
for age, sex, and disease duration. Additionally, each regional DGM
volume was corrected for its corresponding QSM values and vice versa. A
complete version of this figure, including standardized 8 and sample size
for all cells, is provided in Supplementary Figure 7. Abbreviations: EDSS
= expanded disability status scale, FSMC = fatigue scale for motor and
cognitive functions, NBV = normalized brain volume, NPHT = nine-hole
peg test, QSM = QSM values (susceptibility values), SDMT = symbol digit
modalities test, standardized 8 = Standardized beta coefficient, T25FW =
timed 25-foot walk, TLV = total lesion volume.

ganglia QSM values were significantly associated with lesion
burden and poor clinical assessments. Specifically, increased
basal ganglia QSM values were significantly associated with
increased TLV (Caudate: 8= 0.17, Peorrected < 2 X 1071, Putamen: 8
=0.14, Peorrected < 2 X 10716; Pallidum: = 0.14, peorrected < 2 X 10719),
EDSS scores (Caudate: 8= 0.19, Deorrecteq < 2 X 10716; Putamen: 8=
0.15, Peorrected < 2 X 107%6; Pallidum: 8 = 0.13, Prorrected < 2 X 10716,
and NHPT (Caudate: 8 = 0.14, Peorrecied = 0-02; Putamen: § = 0.16,
Deorrected = 0.02; Pallidum: 8 = 0.13, Porrecied = 0-02). Additionally,
basal ganglia QSM values were negatively associated with SDMT
(Caudate: 8 = 0.14, peorrecea = 0.03; Putamen: 8 = 0.15, Peorrected
= 0.03; Pallidum: § = 0.13, Peorreciea = 0.04). Thalamic QSM
values were only negatively associated with the TLV (8 = -0.07,
p = 0.03), and the strength of association is small. Additional
results from regression models that separately link either DGM
QSM values or regional volumes to clinical scores and MRI
surrogates are reported in Supplementary Figure 6. All cross-
sectional regression models were statistically significant. Their
corresponding fit estimates are reported in Supplementary 8.

3.4 | Longitudinal Associations of DGM QSM
Values, Volumes, and Follow-up Clinical Outcomes

Figure 4 presents the longitudinal associations of baseline DGM
QSM values and regional DGM volumes with follow-up clinical
outcomes, adjusting for sex, age, disease duration, intervals, and
baseline clinical scores (see Section 2.4 for regression models).
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Thalamus Volume ~ -().12
Caudate Volume ~ -0.10 -0.14

Putamen Volume Stancli%rdized R

Pallidum Volume 05

Thalamus QSM 0.0

-0.5

Explanatory variables

Caudate QSM - -1.0

Putamen QSM
Pallidum QSM

O R
< /\"5( = s &

Outcome variables

FIGURE 4 | Longitudinal associations of DGM susceptibility and
volumes with clinical variables. Colored cells represent standardized
B values of significant associations (FDR corrected p < 0.05). Each
column illustrates the associations of one follow-up outcome variable
with four different regional DGM volumes and QSM values at baseline.
The associations were adjusted for age, sex, disease duration, follow-up
interval, and outcome variables at baseline. Additionally, each regional
DGM volume was corrected for its corresponding QSM values and vice
versa. A complete version of this figure (3, p, and n in each cell) is provided
in Supplementary Figure 9. Abbreviations: EDSS = expanded disability
status scale, FSMC = fatigue scale for motor and cognitive functions,
NHPT = nine-hole peg test, QSM = QSM values (susceptibility values),
SDMT = symbol digit modalities test, Standardized 8 = standardized beta
coefficient, T25FW = timed 25-foot walk.

The findings revealed no significant association between baseline
QSM values and any single follow-up clinical outcome. However,
regional brain volumes, particularly of the thalamus and caudate,
were significant predictors of clinical outcomes. Lower baseline
thalamic volumes were associated with higher EDSS (8 = -0.11,
Deorrectea = 0.02). Similarly, lower baseline caudate volumes were
associated with decreased EDSS scores (8 = —0.10, Pcorrected = 0-04)
and with decreased dexterity indicated by higher NPHT scores
(B = -0.14, Peorreciea = 0.04). Additional results from regression
models that separately link either baseline DGM QSM values
or baseline regional volumes to follow-up clinical scores are
reported in Supplementary Figure 10. All longitudinal regression
models were statistically significant. Supplementary 11 reports the
corresponding fit estimates.

4 | Discussion

Our study demonstrated cross-sectional associations between
DGM QSM values, clinical outcomes, and MRI surrogates, even
after controlling for the confounders of age, sex, and disease
duration. However, unlike regional DGM volumes, DGM QSM
values did not predict clinical outcomes in our early-stage MS
cohort.

In particular, elevated QSM values in the basal ganglia (cau-
date, putamen, and pallidum) were significantly associated with
several adverse clinical and MRI outcomes. Higher QSM values
correlated with increased TLV, greater disabilities measured by
EDSS, reduced dexterity reflected by slower NHPT performance,
and poorer cognitive function as indicated by decreased SDMT
scores. These findings align with our recent meta-analysis linking

higher putamen QSM values to higher EDSS scores (Voon
et al. 2024) and extend those associations to the caudate and
pallidum. This supports existing evidence that QSM imaging
can detect pathological iron accumulation in the basal ganglia,
potentially resulting from disrupted iron homeostasis, oxidative
injury (Haider et al. 2014), and atrophy-related iron concentration
increase (Schweser et al. 2018, Pontillo et al. 2021).

Our findings showed a significant negative association between
basal ganglia QSM values and SDMT scores. This corroborates
a previous study by Fujiwara et al. (2017), which reported wors-
ening cognitive function with increased pallidum QSM values.
However, we were unable to identify a plausible pattern of asso-
ciations across DGM structures regarding functional domains of
DGM structures and corresponding clinical domains or specific
aspects of MS pathology like inflammation (TLV) or brain atrophy
(NBV), neither in our data nor in our previous meta-analysis
(Voon et al. 2024). Nevertheless, associations between DGM QSM
values and clinical scores, as well as MRI parameters as a whole,
are robust, even after adjusting for confounding variables.

In contrast to the basal ganglia, lower thalamic QSM values were
linked primarily to adverse MRI outcomes, particularly higher
TLV. Additionally, we found that thalamic QSM values positively
correlated with age, whereas disease duration showed a negative
correlation (Figure 2). Given the complex interplay of thalamic
QSM values between MS-related and age-related processes on the
one hand and the contrary effects of myelin and iron on the other
hand, the interpretation of our findings remains speculative.
In principle, our observations are compatible with age-related
thalamic iron increase (Hametner et al. 2013) as well as MS-
related thalamic myelin loss (Cagol et al. 2024, Vercellino et al.
2009) and iron depletion (Hametner et al. 2013, Cagol et al. 2024).
Histological evidence suggests that iron exerts a stronger effect on
QSM values in DGM (Hametner et al. 2013). Prior studies using
combined QSM and R2* imaging demonstrated concurrent reduc-
tions in both QSM and R2* values in the thalamus of MS patients,
indeed suggesting iron loss as the primary driver of reduced QSM
values in the thalamus (Schweser et al. 2018, Fujiwara et al.
2017). A plausible pathological mechanism underlying thalamic
QSM reduction involves iron depletion following the loss of
oligodendrocytes in the thalamic white matter. Hametner et al.
(Hametner et al. 2013) demonstrated that chronic inflammation
can promote iron release from oligodendrocytes and increase
the expression of iron-exporting proteins, such as ferroxidase
hephaestin, contributing to a net loss of iron in normal-appearing
white matter among patients with MS compared to HC (Hamet-
ner et al. 2013). A similar process may underlie QSM reductions
in the thalamus.

To provide a frame of reference for the effect sizes of QSM values
and to account for the confounding influence of DGM volumes,
which are related to MS disability (Eshaghi et al. 2018), we
analyzed the analogous effect sizes of regional DGM volumes and,
to search for independent contributions, set up statistical models
including both variables. By replicating established associations
of regional DGM volumes (Eshaghi et al. 2018, Hénninen et al.
2020, Magon et al. 2020), we ensure our data’s validity and
statistical power. Of note, cross-sectional associations of DGM
volumes with both clinical scores and MRI surrogates were
generally stronger than those of respective DGM QSM values.
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This trend continued in the longitudinal analyses, where only
DGM volumes demonstrated predictive power for clinical scores.

Our findings also demonstrate that thalamic volume predicts
worsening EDSS scores, aligning with previous research (Eshaghi
et al. 2018, Magon et al. 2020). Furthermore, thalamic volume
exhibited higher standardized beta coefficients than basal ganglia
volume in the cross-sectional regression models, suggesting that
thalamic atrophy may be more strongly associated with clinical
and MRI measures in MS. This aligns with previous studies
highlighting that the thalamus undergoes earlier and more exten-
sive atrophy compared to other DGM structures (Krijnen et al.
2023, Eshaghi et al. 2018, Salman et al. 2025). Several physiolog-
ical mechanisms may account for this differential vulnerability.
The thalamus functions as a central relay hub with extensive
connections with the cerebral cortex, cortical, and subcortical
regions, making it particularly susceptible to secondary neurode-
generation via Wallerian or upward degeneration (Krijnen et al.
2023, Mahajan et al. 2020). Additionally, the close proximity to
the ventricular system exposes the thalamus to cerebrospinal
fluid-borne inflammatory mediators, facilitating periventricular
gradient neuroinflammation and subsequent neuronal damage
(Magliozzi et al. 2022, Koubiyr et al. 2024). Together, these factors
may contribute to the more pronounced and clinically relevant
thalamic volume loss observed in MS.

There are still methodological issues with QSM reconstructions,
including the lack of a commonly accepted methodological
standard (Bilgic et al. 2024), which we addressed by choosing the
least artifact-prone technique out of three different processing
pipelines. In addition, physiological aging interferes with DGM
QSM values, as illustrated by the finding that simple correlations
of basal ganglia QSM values were more strongly correlated
with age than with MS disease duration. Furthermore, the age-
dependent trajectories of DGM QSM values seem to be nonlinear
in contrast to DGM volumes (Treit et al. 2021), making it more
difficult to account for them. Finally, other pathophysiological
factors apart from iron accumulation and myelin loss may play a
role in the DGM QSM change in MS. For example, an early animal
study demonstrated iron depletion in a relatively short time under
specific pathological conditions (Hill 1985).

We acknowledge the limitations of our study. First, the relatively
short follow-up period for clinical scores may have limited the
statistical power regarding the associations between DGM QSM
values and clinical progression over time. Second, the longi-
tudinal analyses were restricted to patients in early-stage MS,
limiting our findings’ generalizability to longer disease durations
or more advanced disability. Third, our analysis of the thalamus
as a single structure does not account for the heterogeneity
of thalamic subnuclei, each with distinct cytoarchitecture and
myelin content, which may contribute differently to QSM values
and their associations with clinical scores. Fourth, the absence
of a healthy control group prevents us from distinguishing
QSM changes due to normal aging from those driven by MS
pathology. Fifth, we did not account for the potential influence
of disease-modifying treatment, which might influence both
iron metabolism and neurodegeneration. Finally, although some
longitudinal QSM-clinical associations reached statistical signif-
icance, their small effect sizes raise concerns about their clinical
relevance.

Overall, it seems that DGM QSM values are a promising research
measure for studying the pathophysiology of MS, but the precise
biological underpinnings, including their temporal kinetics, need
to be elucidated. At present, the prognostic value of DGM QSM
at the individual level, particularly in early-stage MS, seems out
of sight. Future studies should investigate the predictive utility
of QSM values across a broader range of disease stages (i.e., CIS,
RRMS, PMS), ideally over longer follow-up periods.

5 | Conclusion

DGM QSM values are robustly associated with MS severity, and
the MRI surrogate of TLV cross-sectionally. The association with
iron accumulation and myelin loss makes these measures an
attractive tool for studying the pathophysiology of MS. However,
the value of their use in clinical routines in early MS is not yet in
sight.
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