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ARTICLE INFO ABSTRACT

Keywords: Background: Deep grey matter pathology is a key driver of disability worsening in people with multiple sclerosis.

Multiple sclerosis Quantitative susceptibility mapping (QSM) is an advanced magnetic resonance imaging (MRI) technique which

?ﬁef’ grey matter quantifies local magnetic susceptibility from variations in phase produced by changes in the local magnetic field.
alamus

In the deep grey matter, susceptibility has previously been validated against tissue iron concentration. However,
it currently remains unknown whether susceptibility is abnormal in older progressive MS cohorts, and whether it
correlates with disability.

Objectives: To investigate differences in mean regional susceptibility in deep grey matter between people with
secondary progressive multiple sclerosis (SPMS) and healthy controls; to examine in patients the relationships
between deep grey matter susceptibility and clinical and imaging measures of disease severity.

Methods: Baseline data from a subgroup of the MS-STAT2 trial (simvastatin vs. placebo in SPMS, NCT03387670)
were included. The subgroup underwent clinical assessments and an advanced MRI protocol at 3T. A cohort of
age-matched healthy controls underwent the same MRI protocol. Susceptibility maps were reconstructed using a
robust QSM pipeline from multi-echo 3D gradient-echo sequence. Regions of interest (ROIs) in the thalamus,
globus pallidus and putamen were segmented from 3D T1-weighted images, and lesions segmented from 3D
fluid-attenuated inversion recovery images. Linear regression was used to compare susceptibility from ROIs
between patients and controls, adjusting for age and sex. Where significant differences were found, we further
examined the associations between ROI susceptibility and clinical and imaging measures of MS severity.

Iron
Quantitative susceptibility mapping
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Results: 149 SPMS (77% female; mean age: 53 yrs; median Expanded Disability Status Scale (EDSS): 6.0
[interquartile range 4.5-6.0]) and 33 controls (52% female, mean age: 57) were included.

Thalamic susceptibility was significantly lower in SPMS compared to controls: mean (SD) 28.6 (12.8) parts per
billion (ppb) in SPMS vs. 39.2 (12.7) ppb in controls; regression coefficient: —12.0 [95% confidence interval:
—17.0 to —7.11, p < 0.001. In contrast, globus pallidus and putamen susceptibility were similar between both
groups.

In SPMS, a 10 ppb lower thalamic susceptibility was associated with a +0.13 [+0.01 to +0.24] point higher EDSS
(p < 0.05), a —2.4 [-3.8 to —1.0] point lower symbol digit modality test (SDMT, p = 0.001), and a —2.4 [—3.7 to
—1.1] point lower Sloan low contrast acuity, 2.5% (p < 0.01).

Lower thalamic susceptibility was also strongly associated with a higher T2 lesion volume (T2LV, p < 0.001) and
lower normalised whole brain, deep grey matter and thalamic volumes (all p < 0.001).

Conclusions: The reduced thalamic susceptibility found in SPMS compared to controls suggests that thalamic iron
concentrations are lower at this advanced stage of the disease. The observed relationships between lower
thalamic susceptibility and more severe physical, cognitive and visual disability suggests that reductions in
thalamic iron may correlate with important mechanisms of clinical disease progression. Such mechanisms appear
to intimately link reductions in thalamic iron with higher T2LV and the development of thalamic atrophy,
encouraging further research into QSM-derived thalamic susceptibility as a biomarker of disease severity in

SPMS.

1. Introduction

Progressive multiple sclerosis (MS) is characterised by gradually
worsening physical and cognitive disability. Standard lesional and
volumetric magnetic resonance imaging (MRI) demonstrate that this
deterioration is accompanied by an increase in T2-lesion volume (T2LV)
and a reduction in brain and spinal cord volumes (Sastre-Garriga et al.,
2020).

Aberrant iron homeostasis is increasingly recognised as a potentially
important contributor to the neurodegenerative processes in MS (Yong
and Yong, 2022). In healthy controls, central nervous system (CNS) iron
is typically stored as ferritin within oligodendrocytes, with the highest
iron concentrations found within the basal ganglia (Todorich et al.,
2009). CNS iron concentrations increase as part of normal aging —
rapidly within the first 3 decades, then more slowly thereafter. The
thalamus displays unique iron characteristics compared to the other
deep grey matter structures: the overall concentration is lower
compared to the basal ganglia, and whilst thalamic iron also increases
during the first 3 decades, it then subsequently decreases as part of
ongoing normal aging (Hallgren and Sourander, 1958).

In people with MS, whilst histological studies have reported similar
overall concentrations and regional distributions of CNS iron compared
to controls, a number of differences are noted (Haider et al., 2014; Sun
et al., 2015). Age-related increases in iron, seen in both control white
matter and the basal ganglia, are not observed in MS (Haider et al.,
2014; Hametner et al., 2013). Focal demyelinating lesions, whether
within white matter or deep grey matter, also modulate local iron con-
centrations via two main processes. Firstly, loss of oligodendrocytes, as
seen in peri-lesional normal appearing white matter or in the centre of
chronic inactive lesions, is associated with lower iron concentrations.
Conversely, the presence of microglia/macrophages within acutely
demyelinating lesions, or at the border of chronic active lesions, is
associated with increased iron concentrations (Hametner et al., 2013;
Popescu et al., 2017; Tham et al., 2020; Mehta et al., 2013). The balance
between oligodendrocyte loss and the presence of micro-
glia/macrophages therefore appears to represent an important contrib-
utor to local iron concentrations in MS.

Uncomplexed iron is a potent generator of oxygen free-radicals,
perpetuating oxidative stress and mitochondrial dysfunction (Yong
and Yong, 2022; Hallgren and Sourander, 1958; Bulters et al., 2018). In
support of a potentially pathogenic role of iron in MS, transcriptional
profiling suggests that peri-lesional oligodendrocytes actively export
iron, and various markers of oxidative stress (axonal spheroids, reactive
oligodendrocytes, microglial activation) have been spatially associated
with higher iron concentrations (Haider et al., 2014; Hametner et al.,
2013).

Susceptibility-based MRI techniques have facilitated the in vivo
detection of CNS iron. Quantitative susceptibility mapping (QSM), an
advanced MRI technique, quantifies local magnetic susceptibility (y)
from variations in phase produced by changes in the local magnetic field
(Shmueli et al., 2009). It is therefore sensitive to both iron and myelin,
and less influenced by the non-localised field effects and orientation
dependence seen with other susceptibility-based techniques (Shmueli
et al., 2009). Particularly in the deep grey matter, where the influence of
myelin is reduced, higher QSM-derived y has been validated as an ac-
curate measure of higher CNS iron concentrations (Sun et al., 2015;
Langkammer et al., 2012; Hametner et al., 2018; Stiiber et al., 2014).

When studied in mixed cohorts of predominantly relapsing remitting
MS (RRMS, 65-82%), QSM has been used to demonstrate that basal
ganglia x is higher compared to controls, and associated with greater
physical disability on the expanded disability status scale (EDSS)
(Hagemeier et al., 2018a, 2018b; Zivadinov et al., 2018; Voon et al.,
2024). In contrast, the inverse is seen with the thalamus — where y is
lower in MS compared to controls, and lower y associated with more
severe disability (Hagemeier et al., 2018a, 2018b; Zivadinov et al.,
2018; Voon et al., 2024; Schweser et al., 2018). In longitudinal studies,
increasing basal ganglia y appears to be initiated early in the course of
MS, and y changes are closely associated with changes in structural
volumes (Hagemeier et al., 2018b). The basis for the opposing re-
lationships — higher basal ganglia y, but lower thalamic y, being asso-
ciated with MS diagnosis and severity — may relate to regional
differences in disease processes. In the basal ganglia, it has been sug-
gested that increased y may mainly reflect an increased concentration of
iron occurring secondary to a reduced structural volume, without in-
creases in the actual iron content (Hagemeier et al., 2018c; Schweser
et al., 2020). In contrast, reduced thalamic y may represent a reduction
in the actual iron content secondary to the pathological loss of
iron-containing structures (Hagemeier et al., 2018b; Schweser et al.,
2018, 2020).

To date, no studies have focused specifically on deep grey matter y
from patients in the more advanced, secondary progressive phase of MS.
As discussed above, aging has an established role in normal brain iron
accumulation, and previous reports have suggested differences in
regional y between early and late stages of MS (Todorich et al., 2009;
Zivadinov et al., 2018; Schweser et al., 2018). Our aims here were
therefore to investigate deep grey matter regional y in an older untreated
SPMS cohort, examining differences between patients and controls, and
the relationship between deep grey matter y and other clinical and im-
aging measures of disease severity.
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2. Methods
2.1. Subjects

Participants included in this analysis were all recruited into the MS-
STAT2 randomised controlled trial (NCT03387670) at the lead Uni-
versity College London (UCL) site (the only site at which the MRI sub-
study took place). All participants gave written informed consent; MS-
STAT2 was approved by the National Health Service (NHS) national
research ethics committee (London - Westminster Research Ethics
Committee, October 09, 2017, ref: 17/L0/1509) and all research was
carried out according to the Declaration of Helsinki. (World Medical
Association).

MS-STAT?2 is an ongoing multicentre, interventional phase 3 rand-
omised controlled trial assessing high-dose (80 mg/day) simvastatin
versus placebo as a treatment for slowing the progression of disability in
patients with SPMS (pwSPMS). Briefly, eligible participants are 25-65
years of age with EDSS 4.0-6.5, with a confirmed diagnosis of SPMS and
evidence of ongoing disability progression. The main exclusion criteria
were the ongoing use of immunosuppressive disease modifying thera-
pies (with the exception of siponimod) or current use of a statin.

A cohort of healthy controls were similarly recruited. Controls were
eligible if they had no known neurological disease, no contraindications
to MRI, were of a similar age to that of patients, and were not taking a
statin.

2.2. Baseline assessments

Clinical assessments were performed by trained neurologists, and
included EDSS, timed 25-foot walk (25FW), timed 9-hole peg test
(9HPT), symbol digit modalities test (SDMT), California verbal learning
test (CVLT-II), brief visuospatial memory test, revised (BVMT-R) and
Sloan low contrast visual acuity (SLCVA).

2.3. MRI

UCL MS-STAT2 participants were offered enrolment into an optional
MRI substudy. Consenting participants were all imaged on a Philips
Ingenia CX MR system and the product 32 channel head coil. The MRI
protocol included a multi-echo 3D sagittal spoiled gradient-echo with 8
echoes (echo time (TE)1/ATE = 2.3/3.3 ms, repetition time (TR) = 28.5
ms, flip angle = 24°, 1x1x1 mm? resolution), used for QSM analysis; 3D
sagittal T1-weighted (3DT1w) magnetisation-prepared turbo field echo
(TFE) (TE = 3.2 ms, TR = 6.9 ms, flip angle = 8°, 1x1x1mm? resolution),
used for tissue segmentations; 3D sagittal fluid-attenuated inversion
recovery (FLAIR) (TE = 263 ms, TR = 4800 ms, inversion delay time =
1650 ms, flip angle = 90°, 1x1x1 mm? resolution), used for lesion
segmentation.

Regions of interest (ROIs) for bilateral thalami, putamen and globus
pallidus were segmented using Geodesic Information Flows (GIF) from
3D T1 images (Cardoso et al., 2015). Left and right structural regional
volumes were summed to give total volumes for each ROI. Volumes were
normalised through the inclusion of estimated total intracranial volume
(eTIV) in all relevant regression models (FreeSurfer, 2021; Buckner
et al., 2004). Lesions were segmented from 3D FLAIR using NicMSle-
sions (Valverde et al., 2019).

2.4. QSM processing

The QSM processing pipeline used to generate y data in this study
was optimised using the pipeline in (Karsa et al., 2020) as a starting
point. Briefly, non-linear field fitting was used across the first 7 echoes,
followed by residual Laplacian phase unwrapping (Liu et al., 2013;
Cornell MRI Research Lab, 2020). The final 8th echo was excluded as
this reduced the degree of echo-to-echo phase inconsistency whilst
maintaining imaging quality (Ricciardi et al., 2021). Background fields
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were removed using the Projection onto Dipole Fields approach (Liu
et al., 2011). The local fields were then used to calculate y, expressed in
parts per billion (ppb) through iterative fitting with Tikhonov regular-
isation (software available at https://xip.uclb.com/product/mr
i_gsm_tkd) with correction for susceptibility underestimation
(Valverde et al., 2019). This approach has been shown to generate
reproducible tissue y values (Karsa et al., 2020; Schweser et al., 2013;
Kiersnowski et al., 2023; Murdoch et al., 2022). Comparisons of various
QSM pipelines have previously shown that such iterative fitting ap-
proaches are amongst the most accurate (Bilgic et al., 2021). As in
previous publications using this pipeline, susceptibility maps were not
explicitly referenced to any particular tissue, but were implicitly refer-
enced to the average susceptibility across each image volume (Karsa
et al., 2020). ROI y were determined via GIF parcellations, and as left
and right ROI y did not significantly differ (T-tests, p-values all >0.05),
the average between the two was taken to represent bilateral ROI y. All
QSM images were visually inspected for quality and excluded if artifacts
were present. Artifacts were produced either by participant movement
during imaging, or echo-to-echo phase inconsistency. An example
quantitative susceptibility map from a study participant with SPMS is
shown in Fig. 1.

2.5. Statistical analysis

Cross-sectional analyses were performed using baseline participant
data obtained at entry into the MS-STAT2 trial. Associations were
assessed using multivariable linear regression. Age and sex were
included as covariates in all models. For analyses between participant
groups, ROI susceptibility was the dependent variable, and patient
group (SPMS or control) the predictor. Only when deep grey matter
nuclei susceptibility was significantly different between patients and
controls were the associations between MS severity variables and ROI
susceptibility then examined. To assess the degree to which changes in
ROI susceptibility were associated with clinical or imaging measures of
MS severity, in such models, ROI susceptibility was used as the predic-
tor, with the clinical or imaging measure of MS severity as the dependent
variable, again adjusting for age and sex. To determine the extent to
which such relationships between ROI susceptibility and clinical
disability were independent of established imaging measures of disease
severity, such models were then repeated whilst including T2LV and ROI
normalised volume as covariates. Due to violation of regression model
assumptions (residuals not normally distributed on visual inspection of
histograms and QQ plots, or clear heteroskedasticity visible on visual
inspection of residual-versus-fitted plots), models with EDSS or SLVCA
as the dependent variable were based upon bias-corrected and acceler-
ated bootstrap with 10,000 replications. P-values are therefore not
directly calculated, but may be inferred from the 95% and 99% confi-
dence intervals (whereby if the 95% CI does not include no effect, the
inferred p-value <0.05; if the 99% CI does not include no effect, the
inferred p-value <0.01.)

3. Results
3.1. Cohort characteristics

Characteristics of the included cohort are shown in Table 1. Partic-
ipants had features typical of established SPMS, with a prolonged dis-
ease duration, substantial physical disability, high T2LV and a low
degree of inflammatory disease activity at baseline. No participants
were receiving immunomodulatory disease modifying therapy at the
time of imaging or within the preceding 6 months.

As expected, patients with MS had significantly lower brain volumes
and higher T2 lesion volumes compared to controls (all p < 0.05).
Compared to patients, controls were also significantly older (57 vs. 53
years, p = 0.006), and less likely to be female (52% vs. 77%, p = 0.004).
In both patients and controls, thalamic susceptibility tended to decrease
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Fig. 1. Example quantitative susceptibility map (QSM) from a study participant with secondary progressive multiple sclerosis. Left to right: axial, coronal and sagittal
planes. Images are presented at the level of the basal ganglia to demonstrate the high susceptibility seen in the globus pallidus and putamen. The greyscale represents
voxel susceptibility, which across the whole brain ranges from —225 (black) to +300 (white) ppb.

Table 1
Characteristics of the study cohort following exclusions.
SPMS Control
N 149 33
Age (mean, SD) 53.4 (7.2) 57.3 (6.7)
Female (%) 77% 52%
Disease duration (years, mean SD) 23.8 (9.5) -
EDSS (median, IQR) 6 (4.5-6.0) -
nWBYV (mL, mean SD) 1430.7 (69.5) 1464.2 (67.2)

Thalamic volume (mL, mean, SD) 11.3(1.5) 13.1(1.2)
Putamen volume (mL, mean, SD) 9.6 (1.3) 10.8 (1.2)
Globus pallidus volume (mL, mean, SD) 1.6 (0.2) 1.7 (0.2)
T2LV (mL, median, IQR) 20.7 (12.2-36.3) 3.0 (1.9-5.7)
T1-GAD + lesions 11.3% -

N excluded (%)* 16 (9.7%) 5 (13.5%)

@ Number of participants excluded following a visual inspection of QSM im-
ages. SD, standard deviation; IQR, interquartile range; nWBV, normalised whole
brain volume; T2LV, T2 lesion volume; T1-GAD+, T1 post-gadolinium
enhancing lesions.

with older age, and susceptibility in the putamen was slightly lower in
females (Table S1). Both age and sex were therefore included as cova-
riates in all subsequent analyses.

3.2. Deep grey matter regional susceptibility in patients and controls

Unadjusted regional susceptibility between patients and controls are
shown in Fig. 2. Beta-coefficients, with adjustment for age and sex, are
shown in Table 2. In the globus pallidus and putamen, susceptibility was
similar between patients and controls. There was, however, strong evi-
dence to support thalamic susceptibility being lower in pwSPMS (un-
adjusted mean: 28.6 (SD 12.8) ppb) compared to controls (39.2 (SD
12.7) ppb). After adjusting for age and sex, modelled thalamic suscep-
tibility was 12.0 ppb lower in people with SPMS (95% CI —17.0 to —7.1,
p < 0.001).

3.3. Thalamic susceptibility and MS clinical severity variables

As thalamic susceptibility was significantly different in SPMS
compared to controls, the relationships between thalamic susceptibility
and MS clinical severity variables were investigated (Table 3). In

Unadjusted Regional Susceptibility: SPMS and Controls
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Fig. 2. Deep grey matter regional susceptibility: SPMS vs. Controls. Unadjusted box-plots showing ROI susceptibility (ppb) between patients and controls. SPMS,
secondary progressive multiple sclerosis; ROI, region of interest; ppb, parts per billion.
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Table 2
Comparison of deep grey matter susceptibility between patients and controls.

Beta-coefficient [95% CI] SPMS, relative to
controls

Globus pallidus susceptibility
(ppb)

Putamen susceptibility (ppb)

Thalamus susceptibility (ppb)

1.26 [-12.6 to +15.2] p = 0.859

2.33 [-6.3 to +11.0] p = 0.597
—12.0 [-117.0 to —7.1] p < 0.001

The results were derived from 3 separate multivariable linear regression models.
Regional susceptibility was the dependent variable, with SPMS/control status
(SPMS = 1, control = 0) as the independent variable. Age and sex were included
as covariates. Susceptibility was expressed as ppb. The coefficients therefore
relate to the difference in ROI susceptibility for pwSPMS, relative to controls. CI,
confidence interval; ppb, parts per billion; SPMS, secondary progressive multiple
sclerosis.

Table 3
Association between thalamic susceptibility and clinical MS severity variables.

Clinical Variable Beta-coefficient [95% CI] thalamic susceptibility

EDSS (score) —0.013 [

—0.024 to —0.001] p<0.05*
+6.71 [-8.83 t0 22.27] p = 0.395
+0.03 [-0.11 to +0.17] p = 0.691
+0.05 [—0.09 to +0.19] p = 0.450
+0.24 [40.10 to +0.38] p = 0.001
+0.14 [-0.00 to 4+-0.29] p = 0.058
+0.10 [-0.00 to +0.21] p = 0.053
+0.24 [+0.11 to +0.37]

P<0.01*

+0.19 [+0.07 to +0.30] p<0.01*

25FW _speed (ft/1000s)

9HPT _speed_dom (1,/1000s)
9HPT _speed_nondom (1,/1000s)
SDMT (score)

CVLT-II (score)

BVMT-R (score)

SLCVA 2.5% (score)

SLCVA 1.25% (score)

The results were derived from 9 separate multivariable linear regression models.
Clinical disability measures were the dependent variable, and ROI susceptibility
the predictor. Age and sex were included as covariates in all analyses, and for the
cognitive variables (SDMT, CVLT-II and BVMT-R) years in education was
included as an additional covariate. Susceptibility is expressed as ppb. * Signifies
that in these models, due to violation of regression model assumptions, models
were based upon bias-corrected and accelerated bootstrap with 10,000 repli-
cations. P-values are therefore not directly calculated, but may be inferred from
the 95% (and where required, 99%) confidence intervals. If the 95% CI does not
include no effect, the inferred p-value <0.05; if the 99% CI does not include no
effect, the inferred p-value <0.01. Significant associations (p < or = 0.05) are
shown in bold. CI, confidence interval; EDSS, Expanded Disability Status Scale;
25FW, timed 25 foot walk; 9HPT, timed 9-hole peg test; SDMT, symbol digit
modalities test; CVLT-II, California verbal learning test; BVMT-R, brief visual
memory test; SLCLA 2.5%, Sloan low contrast letter acuity 2.5%; SLCLA 1.25%,
Sloan low contrast letter acuity 1.25%.

patients, there was a relationship between lower thalamic susceptibility
and higher EDSS, poorer SDMT performance and poorer low contrast
visual acuity, when adjusting for sex and age. Trends were also present
between lower thalamic susceptibility and longer disease duration
(Table S2) and poorer working memory performance (CVLT-II and
BVMT-R).

3.4. Thalamic susceptibility and MS imaging severity variables

The relationships between thalamic susceptibility and MS imaging
severity variables are shown in Table 4. In patients with SPMS, lower
thalamic susceptibility was strongly associated with higher T2LV and
more severe atrophy of the whole brain, deep grey matter and thalamus.

3.5. Relationships between thalamic susceptibility and MS clinical severity
variables after adjustment for MRI derived measures of MS severity

To assess the extent to which the observed significant relationships
between thalamic susceptibility and MS clinical severity variables
(EDSS, SDMT, SLCVA at 2.5% and 1.25%) persisted independent of
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Table 4
Association between thalamic susceptibility and MRI derived measures of MS
severity.

Imaging variable Beta-coefficient [95% CI] thalamic susceptibility

T2LV (mL) —0.62 [-0.82 to -0.43] p<0.001
nWBV (mL) +1.56 [40.71 to +2.41] p<0.001
nDGMV (mL) +0.10 [40.05 to +-0.14] p<0.001

nThalamic volume (mL) +0.03 [+0.02 to +0.05] p<0.001

The results were derived from 4 separate multivariable linear regression models.
T2LV, nWBV, nDGMV or thalamic volume was the dependent variable (all in
mL), and ROI susceptibility the predictor (ppb). Age and sex were included as
covariates in all analyses. Significant p values are shown in bold. CI, confidence
interval; T2LV, T2 lesion volume; nWBV, normalised whole brain volume;
nDGMV, normalised deep grey matter volume; nThalamic volume, normalised
thalamic volume.

conventional imaging variables (T2LV, normalised thalamic volume,
nWBYV), the models were repeated. T2LV, normalised thalamic volume,
and normalised whole brain volume were first separately included as
additional covariates, followed by a final model including all 3 imaging
variables as covariates (Table S3).

When adjusting for T2LV, significant relationships persisted between
lower thalamic susceptibility and higher EDSS (beta coefficient: 0.014
[—0.026 to —0.000] EDSS, p < 0.05). When adjusting for normalised
thalamic volume, significant relationships persisted between lower
thalamic susceptibility and poorer low contrast visual acuity (SLCVA
2.5%; +0.162 [+0.020 to +0.299], p < 0.05). When adjusting for nor-
malised whole brain volume, significant relationships persisted between
thalamic susceptibility and poorer SDMT performance (+0.172 [+0.028
to +0.316], p = 0.019); and poorer low contrast visual acuity (SLVCA
2.5%: +0.207 [+0.065 to +0.341], p < 0.01*; SLVCA 1.25%: +0.155
[+0.064 to +0.015], p < 0.05). No significant relationships, however,
persisted between thalamic susceptibility and clinical variables when
models were simultaneously adjusted for T2LV, normalised thalamic
volume and normalised whole brain volume.

Re-assessing the difference in thalamic susceptibility between pa-
tients and controls, after adjusting for thalamic normalised volume,
thalamic susceptibility remained lower in pwSPMS. A significant inter-
action term was also present between patient group and thalamic vol-
ume, suggesting a stronger relationship is present between thalamic
normalised volume and thalamic susceptibility in pwSPMS compared to
controls (Table S4).

4. Discussion

We have examined cross-sectional regional QSM-derived suscepti-
bility data in a large SPMS population with an age-matched control
cohort. Our analysis was restricted to ROI within the deep grey matter,
as QSM-derived susceptibility has only been sufficiently validated as a
measure of iron concentration within these structures. The key finding is
that lower thalamic susceptibility is present in SPMS and associated with
more severe disease across a number of domains. In contrast to the
existing literature, we found globus pallidus and putamen susceptibility
to be similar between patients and controls.

4.1. Thalamic susceptibility

Our results and the existing literature suggests that thalamic sus-
ceptibility may correlate with important pathogenic mechanisms of
multiple sclerosis disease progression. Thalamic susceptibility demon-
strated strong relationships with T2LV and thalamic atrophy. The rela-
tionship between thalamic susceptibility and thalamic atrophy appeared
to be an MS-specific effect, as a significant interaction was present be-
tween thalamic volume and patient group, and no relationship was
apparent when controls were examined in isolation. The relationship
between T2LV and thalamic susceptibility was particularly strong
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(univariable R? = 19.3%), although a significant relationship between
higher EDSS and lower thalamic susceptibility persisted after adjusting
for T2LV. Lower thalamic susceptibility may therefore be a promising
imaging biomarker of disease severity in progressive MS.

Lower thalamic susceptibility may potentially be caused by lower
iron concentrations or increases in the density of diamagnetic sub-
stances, such as myelin or calcium. Given the absence of evidence
regarding thalamic calcium accumulation, increased myelin density or
lower iron concentrations should be considered (Schweser et al., 2018).
We now consider these in turn.

In progressive MS, demyelination has been reported to be common in
the thalamus, more so than in the globus pallidus or putamen (Haider
et al., 2014; Vercellino et al., 2009). The median percentage area of
thalamic histological slides showing demyelination was 7.4% (IQR
2.2%-17.1%) in those with progressive MS (Haider et al., 2014). Whilst
demyelination is therefore relatively common in the thalamus, demye-
lination in isolation would be expected to cause increases in suscepti-
bility. This is the opposite of what we have observed and therefore
demyelination alone is unlikely to be the predominant mechanism of
thalamic susceptibility changes.

As for iron, the principal sites of storage within the deep grey matter,
as for elsewhere within the CNS, has been reported to be oligodendro-
cytes and myelin, and to a lesser extent neurones, astrocytes and
microglia (Haider et al., 2014). A reduction in the density of these
structures, as has previously been reported to occur in a cohort of pre-
dominantly SPMS, may therefore lead to a loss of such iron stores from
the thalamus, and hence reduced susceptibility (Mahajan et al., 2020).
The thalamus has a higher myelin density than other deep grey matter
structures, which may explain why changes in thalamic susceptibility
demonstrate a similar pattern to white matter lesions (chronically
demyelinated lesions typically have a reduced susceptibility), in contrast
to the structures of the basal ganglia (Hametner et al., 2018). Reduced
thalamic iron as the principal cause of reduced thalamic susceptibility is
also supported by observations from studies using combined QSM and
R2* imaging. As both QSM-derived susceptibility and R2* signal are
positively correlated with iron concentration, but demonstrate the
opposite relationships with myelin density, the positive correlation be-
tween thalamic susceptibility and R2* signal suggests thalamic iron is
the predominant determinant of both the thalamic susceptibility and
R2* signal (Schweser et al., 2018; Fujiwara et al., 2017).

As to the cause of such pathological changes within the thalamus,
combined histological and imaging studies have suggested that they are
driven by extra-thalamic processes. Lower thalamic volume was asso-
ciated with lower thalamic neuronal density, higher global T1 and T2
lesion volumes, and lower normalised whole brain and cortical volumes.
In contrast, thalamic volume was not associated with the volume of
thalamic demyelinating lesions (Mahajan et al., 2020). It therefore ap-
pears that extra-thalamic pathological processes are the most significant
contributors to atrophy and neuroaxonal loss within the thalamus. This
is likely mediated via Wallerian degeneration along the many
thalamo-cortical tracts disrupted by white matter or cortical lesions
(Mahajan et al., 2020). The extensive connectivity of the thalamus with
multiple cortical and subcortical areas likely contributes to its vulner-
ability to such secondary neurodegenerative effects (Kumar et al., 2017;
Papadopoulou et al., 2019). The impact of these extra-thalamic pro-
cesses upon the thalamus itself may then result in reduced thalamic
susceptibility through the resulting degeneration of oligodendrocytes
and axons due to the loss of their contained iron stores.

This pathological sequence of events is supported by our findings
that thalamic susceptibility is strongly associated with both T2LV and
thalamic normalised volume. As the reduction in thalamic susceptibility
would be expected to occur concurrently with, and of a similar magni-
tude to, the reduction in thalamic volume, it is therefore logical that the
associations we observed between thalamic susceptibility and measures
of MS clinical severity were reduced after inclusion of thalamic nor-
malised volume as a covariate.
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4.2. Globus pallidus and putamen susceptibility

We did not find significant increases in the mean regional suscepti-
bility of either the putamen or globus pallidus compared to controls.
This contrasts with the previous literature, where increased suscepti-
bility has been reported in these structures (Hagemeier et al., 2018a,
2018b; Zivadinov et al., 2018; Voon et al., 2024). This may relate to the
older age of our recruited cohort.

Prior studies that have reported higher susceptibility within the
globus pallidus or putamen compared to controls generally included
younger participants compared to our cohort (see Table S4; mean ages of
previous cohorts 44-50 years, compared to 53 in our cohort). Basal
ganglia susceptibility is known to display a non-linear increase with age
in healthy controls (Hallgren and Sourander, 1958). In histological
studies, deep grey matter [iron] was shown to increase with age in
healthy controls, but not in pwMS (Haider et al., 2014). Additionally,
higher basal ganglia susceptibility has been demonstrated from the
earliest clinical stages of MS, and in longitudinal studies, the rate of
increase in basal ganglia susceptibility may be greater in the earlier
stages of MS compared to those with longer disease duration (Hagemeier
et al., 2018b; Schweser et al., 2020; Khalil et al., 2015; Langkammer
et al., 2013). Taken together, these reports therefore suggest that our
older cohort may be responsible for the similar susceptibility in the
globus pallidus and putamen between patients and controls, due to the
ongoing age-related increases in susceptibility seen in controls. The ages
of patients and controls in our study were also not perfectly matched
(SPMS: 53; controls: 57). Whilst age was included as a covariate in all
analyses, we cannot exclude the slightly older age of the controls also
contributing to our results. One possible interpretation of our data from
the basal ganglia, in the context of the existing literature, is therefore
that increased susceptibility in the basal ganglia may occur early in MS
and is associated with a more severe disease course, as reported in
previous studies (Hagemeier et al., 2018a, 2018b; Zivadinov et al.,
2018). As previously discussed, this increased susceptibility may prin-
cipally reflect increased iron concentrations secondary to structural at-
rophy, rather than an increased iron content (Hagemeier et al., 2018b;
Schweser et al., 2020). By the advanced age of our cohort, however, a
plateauing of basal ganglia susceptibility in patients, combined with
ongoing age-related increases in basal ganglia susceptibility in controls,
results in similar cross-sectional regional susceptibility values.

This study is not without limitations. The above interpretations are
speculative and limited by the cross-sectional design. Follow-up of this
cohort is ongoing, and future longitudinal analyses are likely to provide
further insights into the role of DGM susceptibility as a biomarker in
SPMS. Additionally, although QSM-derived susceptibility has been
validated against deep grey matter iron concentrations, it may still be
influenced by other tissue properties such as myelin. Improved quanti-
fication of CNS iron, and greater validity outside of the deep grey matter,
may therefore be achieved through refinements of the QSM technique
that allow separation of the diamagnetic and paramagnetic contribu-
tions of myelin and iron. This can be achieved through inclusion of both
phase and magnitude data, and may improve specificity to tissue myelin
and iron content (Emmerich et al., 2021).

4.3. Conclusions

Lower thalamic susceptibility is present in people with SPMS
compared to controls and associated with a number of clinical and im-
aging measures of MS severity. Different regional and temporal pertur-
bations in iron handling appear important in the pathophysiology of
progressive MS, encouraging further investigation and development of
QSM imaging as a biomarker of disease progression.
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