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Supplementary Material 

 

Supplementary Material 1. Image reconstruction details 

Magnitude and phase GRE images were reconstructed offline on a 512x512x64 spatial matrix 

using sum-of-squares and scalar phase matching (Hammond et al., 2008), respectively. The k-

space was zero-padded in phase-encode direction before the reconstruction to achieve an 

isotropic in-plane resolution. In-plane distortions due to imaging gradient non-linearity were 

compensated for in image space (Polak et al., 2015). Phase images were unwrapped with a best-

path algorithm (Abdul-Rahman et al., 2007), background-field corrected with V-SHARP (Li 

et al., 2011; Schweser et al., 2011) (radius 5mm; TSVD threshold 0.05), and converted to 

magnetic susceptibility maps using the HEIDI algorithm (Schweser et al., 2012). Magnetic 

susceptibility maps were referenced (0 ppb) to the average susceptibility of the brain. This 

reference was chosen to minimize a potential confounding bias from (unknown) disease-related 

susceptibility changes in a more localized anatomical reference region (Deistung et al., 2013; 

Straub et al., 2016) and to minimize the impact of reconstruction artifact related variations of 

observed susceptibility in the reference regions on the inter-subject variations of the referenced 

regions. 

 

Supplementary Material 2. Multivariate analysis with untransformed variables 

The results of the multivariate analysis using untransformed variables are listed in Tables S.1 

and S.2. The fastest decline in susceptibility with dd was observed in the PUL with 0.585 ppb/a, 

followed by the GT with more than 0.234 ppb/a. PUL and GT showed a reduction in the volume 

of more than 14.87 μl/a and more than 27.17 μl/a, respectively. The volume reduction in the 

LNR was 5.12 μl/a. The susceptibility reduction with age in the left MNR was 0.392 ppb/a, 

which was accompanied by a reduction in volume of 5.46 μl/a. Despite a significant linear 

correlation between the dd and age (r=0.65, p<0.001), the condition indices of the collinearity 

analyses did not exceed 13.  

 

Supplementary Material 3. Contribution of calcium to brain susceptibility in MS 

Besides iron, susceptibility changes may have other biophysical causes, such as diamagnetic 

calcium. While histopathological studies of the thalamus in MS are scarce and calcium is rarely 

assessed in routine histopathology, to the best of our knowledge, no evidence exists for calcium 

accumulation in MS.    
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We have recently carried out a Monte-Carlo simulation to explain our previous findings 

of decreased GT susceptibility (Hagemeier et al., 2017). Our simulations indicated that some 

involvement of calcium would benefit the combined explanation of the totality of published 

findings (Hagemeier et al., 2017). A potential hypothesis for calcification accumulation could 

be linked to hemodynamics. In particular, Zivadinov et al. (Zivadinov et al., 2010) reported 

correlations between susceptibility MRI in the PUL and venous hemodynamic parameters in 

MS. Posterior cerebral hyperperfusion has been implicated with dystrophic PUL calcification 

in Fabry disease (Charil et al., 2006; Moore et al., 2003).  

Other explanations related to calcium are (i) mitochondrial impairment, which is known 

to be associated with excessive Ca2+ uptake (Cheng et al., 2012; Contreras et al., 2010) and 

release of insoluble calcium phosphate (Panov et al., 2004). In addition, it has been shown that 

MS patients with single nucleotide polymorphisms of the glutamate NMDA receptor 2A 

subunit showed higher brain atrophy (Strijbis et al., 2013), a subunit that has been associated 

with prolonged thalamic Ca2+ influx in traumatic brain injury (Osteen et al., 2004; Osteen et al., 

2001), visible on QSM (Schweser et al., 2017); (ii) a disturbed axonal ion homeostasis in MS 

that leads to axonal Ca2+ accumulation (Lassmann et al., 2012); or (iii) calcium accumulation 

associated with abnormally extended thalamic burst mode, which is known to be related to 

sustained calcium elevation (Zhou et al., 1997). Studies suggest that PUL neurons burst more 

than other thalamic regions (Ramcharan et al., 2005; Wei et al., 2011) potentially due to a 

higher density of T-type Ca2+ channels in the PUL (Wei et al., 2011). Furthermore, 

hyperpolarizing GABAergic input to higher order nuclei such as the PUL likely predispose 

them to burst mode (Sherman and Guillery, 2013).  

 

Supplementary Material 4. Technical limitations of the study 

A common technical challenge in QSM-based studies is the requirement for intra-subject 

referencing of the susceptibility values (Feng et al., 2017; Straub et al., 2016). A negative 

consequence of this referencing is that it is impossible to detect pathological susceptibility 

alterations in the reference region. Moreover, such alterations may propagate to the referenced 

susceptibility values causing spurious group differences. Another negative side-effect of 

referencing is that the inter-subject variability of the (calculated) susceptibility in the reference 

region propagates to the referenced values, which increases the variation and can render group 

differences insignificant (decreased statistical power). In the present study, we used the brain-

average susceptibility as a reference, assuming that it this value, due to the high number of 

voxels involved in the averaging process, is relatively insensitive to intra-subject variations. 
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However, although potentially counterbalanced by the loss of iron in the NAWM, global 

demyelination, which is known to be present in MS patients, may increase the absolute 

susceptibility of the whole brain, reducing the observed referenced susceptibility values in 

patients compared to controls (Feng et al., 2017). To test if the choice of the reference region is 

responsible for the observed reduction in thalamic susceptibility, we re-calculated the group 

differences using the reference regions employed in previous studies: frontal WM (Rudko et al., 

2014), internal capsule (Al-Radaideh et al., 2013), and lateral ventricles (Chen et al., 2014; 

Harrison et al., 2016; Li et al., 2016). While considerable alterations in the group differences of 

the susceptibility, particularly in the WM, were observed after referencing to the different 

regions, the thalamic group differences were qualitatively similar to those obtained with the 

whole-brain reference (see Fig. S.5). It may be concluded that the choice of the reference region 

did not influence the overall conclusions of the present study. 

 Another limitation relates to the employed pulse sequence, which required a relatively 

long acquisition time (8 minutes) and is, hence, prone to motion artifacts. While we inspected 

all susceptibility maps to confirm the absence of obvious artifacts, we cannot exclude that subtle 

head motion, which may be more dominant in patients due to tremor or increased discomfort, 

affects the non-linear field-to-source inversion procedures of QSM. It is possible that the low 

degree of numerical regularization used in our (compressive-sensing [CS]-type) HEIDI 

algorithm renders the reconstruction more prone to motion artifacts than the algorithms used 

by Rudko (Rudko et al., 2014) et al. (who reported increased thalamic iron in MS). However, 

Burgetova et al. (Burgetova et al., 2017) and Elkady et al. (Elkady et al., 2015) found decreased 

GT and subregional susceptibilities with algorithms that are not of the CS-type (Bilgic et al., 

2012; Langkammer et al., 2015). Similar to HEIDI, and different from the algorithm used by 

Langkammer and Rudko et al., Burgetova’s and Elkady’s algorithms did not incorporate 

anatomical priors derived from magnitude images. Figure S.7 compares the reconstruction 

accuracy of different QSM algorithm types in the thalamus, indicating systematic 

overestimation of thalamic susceptibility with the magnitude-informed algorithm. While the 

cause of this overestimation is unclear, magnitude-informed QSM may be particularly 

problematic in the thalamus because the thalamus is usually not clearly discernible on GRE 

magnitude images. Future research will need to elucidate the sensitivity of different QSM 

algorithms to motion and the quality of anatomical priors.  

 Spatial normalization inaccuracy is another confounding factor in our study. While the 

thalamic subnuclei were discernible in most of the subject, the thalamus appeared relatively 

homogeneous in others. Spatial normalization can only be accurate if the image contrast 
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employed for the normalization is sufficiently rich to guide the non-linear warp-field 

computations. In the absence of intra-thalamic contrast, only the outside boundaries of the 

thalamus may be used for the normalization, potentially resulting in inaccurate normalization 

of thalamic subnuclei. While this limitation did not affect the assessment of mean susceptibility 

values or the VBA, it may have increased the uncertainty of volume estimations in the present 

study. 
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Table S.1. Coefficients of the linear multivariate analysis of susceptibility in all 120 patients using 

untransformed variables. 

Susceptibility c0 in ppb cDD in ppb/a cAge in ppb/a cSex in ppb R2 (pF) 

GT 

Left 

Right 

 

10.55 

11.79 

 

-0.234 

-0.239† 

 

-0.102 

-0.092 

 

-0.731 

-1.277 

 

0.22 (<0.001) 

0.21 (<0.001) 

PUL  

Avg 

 

33.4 

 

-0.585† 

 

-0.035 

 

-1.721 

 

0.31 (<0.001) 

MNR  

Left 

Right 

 

17.99  

17.03 

 

-0.146  

-0.327 

 

-0.392† 

-0.309 

 

-1.555 

-3.477 

 

0.21 (<0.001) 

0.21 (<0.001) 

LNR 

Left  

Right 

 

9.32 

10.158 

 

-0.140  

-0.087 

 

-0.142 

-0.126 

 

-1.019  

-0.672 

 

0.16 (<0.001) 

0.10 (0.012) 

pF is the overall p-value of the ANOVA F-test. Multivariate analysis was performed for left and right hemispheres separately 

if inter-hemispheric differences were observed in mean values (Tabs. 2 and 3). For the association with sex, we used 0 for 

female and 1 for male patients. Note that confidence intervals and p-values may be unreliable due to non-normal and 

heteroscedastic sample distributions of the untransformed variables (see text). Hence, we do not report their values here. The 

superscript † indicates coefficients that were statistically significant when the multivariate analysis was carried out based on 

transformed variables. 
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Table S.2. Coefficients of the linear multivariate analysis of volumes in all 120 patients using 

untransformed variables. 

 

Volumes 

 

d0 in ml 

 

dDD in μl/a 

 

dAge in μl/a 

 

dSex in μl 

 

R2 (pF) 

GT 

Left 

Right 

 

8.777 

8.650  

 

-27.166  

-35.88† 

 

-21.61  

-13.90 

 

28.66  

-110.0 

 

0.27 (<0.001) 

0.28 (<0.001) 

PUL  

Left 

Right 

 

2.170 

2.221 

 

-11.777† 

-14.87† 

 

-3.641 

-0.363 

 

21.33  

24.62 

 

0.20 (<0.001) 

0.20 (<0.001) 

MNR 

Left 

Right 

 

0.966  

0.989  

 

-1.582  

-3.046  

 

-5.457† 

-4.092 

 

-7.970  

-43.80  

 

0.29 (<0.001) 

0.24 (<0.001) 

LNR  

Avg 

 

 

1.038  

 

 

-5.119† 

 

-0.963 

 

-13.640 

 

 

0.21 (<0.001) 

pF is the p-value of the ANOVA F-test. Multivariate analysis was performed for left and right hemispheres separately if inter-
hemispheric differences were observed in mean values (Tabs. 2 and 3). For the association with sex, we used 0 for female 
and 1 for male patients. Note that confidence intervals and p-values may be unreliable due to non-normal and heteroscedastic 
sample distributions of the untransformed variables (see text). Hence, we do not report their values here. The superscript † 

indicates coefficients that were statistically significant when the multivariate analysis was carried out based on transformed 
variables. 
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Table S.3. Comparison of demographics and clinical characteristics in previous QSM or R2*-based MS studies and the present work. 

 Khalil 
2009 

Al-Radaideh 
2013 

Langkammer  
2013 

Rudko  
2014 

Cobzas  
2015 

Khalil  
2015 

Fujiwara  
2017 

Hagemeier 
2017 

Elkady 
2017 

Burgetova  
2017 

Present 
study 

CIS 
 

   

combined 
with RRMSb 

       

Age 
(years) 

33.9, 24.8-9.9 36.6±8.9 35.4±11.7 - 32±8.3 - - 37.3±9.2 - 36.9±9.8 

Sex ratio  
(F/M) 

2.2 1.1 2.7 - 1.9 - - 2.2 - 2.6 

EDSS 1.0, 0.0-2.4 1.74 [0-3.5] 1.2, 0-2 - 1.0, 0-2 - - 1.7±1.4 - 1.5, 0.5-2.5 
dd 
(years) 

0.3, 0.1-0.9 1.45 [0.4-4.7] 0.77±1.6 - 0.3, 0.1-0.7 - - - - 2.2±2.6 

RRMS 
 

           

Age (years) 37.1, 32.1-2.2  - 34.6±9.1 37.3±6.1 35.64 [19.5-1.4] 34.2±9.3 

combined with 
SPMSd 

44.2±10.2 39.0±10.0 46.9±7.0 43.6±10.1 
Sex ratio  
(F/M) 

1.47 - 2.0 3.6 5.1 1.3 2.1 4.7 
 

0.7 2.1 

EDSS 2.0, 1.0-3.4  - 1.0, 0-2 1.70 [0-6] 2.35 [1-5] 2.0, 1.0-3.3 2.5, 1.5-4 2.3±.1.0 2.5, 1.25-3.75 2.0, 1-3 
dd 
(years) 

8.1, 4.2-13.3 - 7.3±5.6 not specified 5.28 [0.7-10.7] 7.5, 4.2-13.0 12.8±9.4 6.2±4.0 12.4±10.7 9.8±6.0 

SPMS 
 

  

combined 
with RRMSa 

 - 

combined 
with RRMSc 

 

combined with 
RRMSe 

   

Age (years) - -  - 49.1±10.3 50.3±8.9 
 

- 52.0±7.0 

Sex ratio  
(F/M) 

- 
 

-  - 2.1 1.36 - 2.6 

EDSS - -  - 5.25* [2.0-9.0] 5.9±1.3 - 6.5, 4-9 
dd 
(years) 

- -  - 14.9±8.9 18.8±8.1 - 24.0±10.2 

Values stated as n, m-p represent median, IQR; n±m indicates mean and standard deviation; n [m-p] indicates  
mean and range; n* [m-p] indicates median and range. Entries with substantial deviation from the present study are printed in boldface.  
a The authors described the group as “diagnosis of MS.”   
b 84% of the patients had RRMS; other patients included in the group had a diagnosis of CIS. 
c 81.5% of the MS patients had RRMS; other patients had SPMS. 
d 37.5% of the patients had SPMS, 22.5% had primary progressive MS, and 40% had RRMS.    
e 98% (81.7%) of the studied patients had RRMS at baseline (follow-up); other patients had SPMS. In this table, we report the baseline characteristics of the whole group. 
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Figure S.1. Overview of the processing steps in this study. Real and imaginary images were 

reconstructed from raw k-space and distortions due to non-linear gradients were compensated 

for (unwarping). The phase images were unwrapped and background field corrected (phase 

processing), followed by a calculation of the susceptibility maps (QSM). The maps were 

spatially normalized to a custom susceptibility brain template, followed by spatial smoothing. 
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Figure S.2. Voxel-based differences of group-average magnetic susceptibility (left-hand side) 
and corresponding Z-scores (right-hand side) between the three control groups (top to 
bottom). 
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Figure S.3. Regions in which differences between patients and controls reached statistical 

significance. Shown are voxels with a p-value below 0.05 after TFCE. 
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Figure S.4. Voxel-based differences between patients and controls of group-average magnetic 

susceptibility (left-hand side) and corresponding Z-scores (right-hand side) for all three study 

groups (top to bottom). Note the differences in contrast between the study groups (color bars). 
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Figure S.5. The effect of the susceptibility reference region. Susceptibility differences 
between patient and control groups are shown in the different columns; each row used a 
different reference region previously employed in the literature. The Figure is analogous to 
Figure 2b (in particular, the contrast settings are identical), except that the difference 
calculation was not restricted to the thalamus. While major differences were observed in the 
white matter depending on the chosen reference, the general finding of reduced thalamic 
magnetic susceptibility did not depend on the reference region – all reference regions yielded 
the same qualitative results in the thalamus. All maps also showed the previously reported 
increased magnetic susceptibility in the basal ganglia due to increased tissue iron in patients. 
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Figure S.6. Thalamic iron data reported by Hallgren and Sourander (Hallgren and Sourander, 
1958). We extracted data points from the original publication using the manual mode of 
WebPlotDigitizer (version 3.9; Ankit Rohatgi, Austin, Texas, USA). The solid line is a cubic 
fit given by the following equation: (0.848±0.287) mg/100g + (0.301±0.029) mg/100g ∙ age – 
(5.82±0.79)∙10-3 mg/100g ∙ age2 + (3.150±0.60)∙10-5 mg/100g ∙ age3 (R2=0.69; all coefficients 
p<0.01). The dashed lines indicate the 95% confidence interval. 
 

 

  



14 
 

 

 

Figure S.7. Comparison of the susceptibility reconstruction accuracy of different QSM 
algorithms in the thalamus based on the dataset generously provided by the Cornell MRI 
Research Lab (Yi Wang) at the Weill Cornell Medical College, NY. The dataset analyzed in 
this figure was used in a recent overview paper (Wang and Liu, 2015) and is available for 
download on the lab’s website. The COSMOS algorithm (left), which relies on field maps 
acquired with the head at several different orientations relative to the main magnetic field, is 
commonly regarded as an in vivo gold standard. The MEDI algorithm (second from left) uses 
magnitude-derived anatomical priors for the susceptibility map calculation. The HEIDI 
algorithm (third from left) was used in the present study. The CS-compensated (CSC) 
algorithm (Wu et al., 2011) employs a CS-type approach without anatomical priors. The top 
row shows the susceptibility maps calculated with the individual algorithms. The middle row 
shows the differences relative to the gold-standard COSMOS susceptibility map. The bottom 
row shows the differences relative to the HEIDI susceptibility map. While providing accurate 
estimates of striatal susceptibility values, MEDI calculated substantially higher susceptibility 
values in the thalamus than COSMOS and HEIDI (red arrows), with clearly visible bi-
hemispheric thalamic anatomy in the difference images. HEIDI had the lowest error in the 
thalamus, with only minor inhomogeneities in the difference image, but striatal susceptibility 
values were underestimated. The CSC algorithm ranked between HEIDI and MEDI. All 
images are mean value projections across the 17 slices covering the thalamus. 
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