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Purpose: To apply quantitative susceptibility mapping (QSM) in the 
basal ganglia of patients with multiple sclerosis (MS) and 
relate the findings to R2* mapping with regard to the sen-
sitivity for clinical and morphologic measures of disease 
severity.

Materials and 
Methods:

The local ethics committee approved this study, and all 
subjects gave written informed consent. Sixty-eight pa-
tients (26 with clinically isolated syndrome, 42 with re-
lapsing-remitting MS) and 23 control subjects underwent 
3-T magnetic resonance (MR) imaging. Susceptibility and 
R2* maps were reconstructed from the same three-dimen-
sional multiecho spoiled gradient-echo sequence. Mean 
susceptibilities and R2* rates were measured in the basal 
ganglia and were compared between different phenotypes 
of the disease (clinically isolated syndrome, MS) and the 
control subjects by using analysis of variance, and regress-
ing analysis was used to identify independent predictors.

Results: Compared with control subjects, patients with MS and 
clinically isolated syndrome had increased (more para-
magnetic) magnetic susceptibilities in the basal ganglia. 
R2* mapping proved less sensitive than QSM regarding 
group differences. The strongest predictor of magnetic 
susceptibility was age. Susceptibilities were higher with 
increasing neurologic deficits (r = 0.34, P , .01) and 
lower with normalized volumes of gray matter (r = 20.35, 
P , .005) and the cortex (r = 20.35, P , .005).

Conclusion: QSM provides superior sensitivity over R2* mapping in 
the detection of MS-related tissue changes in the basal 
ganglia. With QSM but not with R2* mapping, changes 
were already observed in patients with clinically isolated 
syndrome, which suggests that QSM can serve as a sensi-
tive measure at the earliest stage of the disease.
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hypothesized QSM to be more sensitive 
to MS-related tissue changes than R2* 
mapping, as with this technique, the ef-
fect of iron accumulation and demyelin-
ation (both important pathophysiologic 
processes in MS) is additive (both cause 
a positive increase of magnetic suscepti-
bility), while in R2* mapping, they exert 
opposing effects (demyelination reduces 
the R2* rate while iron deposition in-
creases R2*) (22).

The aim of this explorative study 
was to apply quantitative susceptibil-
ity mapping in the basal ganglia of MS 
patients and relate the findings to R2* 
mapping regarding the sensitivity for 
clinical and morphologic measures of 
disease severity.

Materials and Methods

Subjects
From July 2006 until February 2010, 
we prospectively enrolled 75 patients 
from our MS outpatient clinic. Inclusion 
criteria were a diagnosis of MS or CIS 
suggestive of MS (23) and the patient’s 
willingness to undergo a detailed neu-
rologic examination and a comprehen-
sive MR imaging examination. Seven 

a potential marker secondary to inflam-
matory pathophysiologic processes of 
the disease.

However, depending on its 
distribution in brain tissue, iron not 
only causes microscopic field gradi-
ents, but also increases the magnetic 
susceptibility of tissue. Susceptibility-
weighted and phase imaging are sim-
ple approaches to directly depict sus-
ceptibility-related tissue changes (9) 
but they do not provide quantitative 
measures for an intrinsic tissue prop-
erty. However, a recent study found in-
creased susceptibility-weighted filtered 
phase values in CIS patients when 
compared with healthy control subjects 
(10), indicating that the susceptibility is 
sensitive to MS disease. In this context, 
more insights are expected from quan-
titative susceptibility mapping (QSM), 
which allows overcoming several nonlo-
cal restrictions of susceptibility-weight-
ed and phase imaging and enables 
quantification of magnetic susceptibil-
ity. While the applicability of previous 
QSM methods in clinical cohorts was 
clearly hampered by the necessity of 
tilting the head, recent developments 
now overcome these limitations, al-
lowing determination of magnetic sus-
ceptibility from a single MR imaging 
(11–18). This progress was achieved by 
solving the challenging inverse problem 
with, for example, regularized dipole 
inversion and by the availability of suf-
ficient computational power for image 
postprocessing.

In this context, it needs to be em-
phasized that the sources of the patho
physiologic processes contributing to 
MR-measurable signal changes are 
complex. More specifically, the magnetic 
susceptibility of brain tissue is not only 
determined by the paramagnetic contri-
bution of iron-loaded ferritin, but also by 
the counteracting diamagnetic contribu-
tion of myelin, as it has only been noted 
most recently (19–21). We therefore 

Hypointensities in the basal ganglia 
of patients with multiple sclerosis 
(MS) are a frequent finding on 

T2-weighted images and have already 
been observed in the early days of clin-
ical magnetic resonance (MR) imaging 
(1,2). While these T2 hypointensities 
can also be observed in healthy aging 
subjects, they appear more pronounced 
in patients with MS and are strongly 
associated with disease duration and 
severity (3). Histochemical analyses 
have identified increased iron levels as 
a source of microscopic field variations, 
which in turn elicit T2 hypointensity (4).

With the availability of quantitative 
MR imaging techniques, assessment of 
iron levels became more accurate and 
sensitive compared with visual rating of 
the degree of hypointensity. Several MR 
imaging methods have been proposed to 
assess brain iron levels (5,6), but only 
few so far have been validated postmor-
tem. As such, a recent study validated 
both R2 and R2* relaxation rates as lin-
ear measures for iron concentration in 
gray matter (GM) structures, with R2* 
being more sensitive (5).

In fact, R2* mapping in the basal 
ganglia of patients with clinically defi-
nite MS revealed significantly increased 
iron levels, which were linked to disease 
duration and loss of cortical GM (6). 
In contrast, there was no evidence for 
abnormal R2* rates in the basal gan-
glia of patients with a clinically isolated 
syndrome (CIS) suggestive of MS, sug-
gesting increased iron deposition to be 
a subsequent phenomenon in the evo-
lution of MS (7,8), and consequently 
R2* relaxometry has been proposed as 

Implication for Patient Care

nn Quantitative susceptibility map-
ping allows the investigation of 
tissue changes even in the very 
early stages of multiple sclerosis.
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nn By using quantitative suscepti-
bility mapping, basal ganglia sus-
ceptibility was higher in patients 
with clinically isolated syndrome 
(0.101 ppm) and multiple sclero-
sis (0.106 ppm) than in control 
subjects (0.088 ppm).

nn Quantitative susceptibility map-
ping was more sensitive than R2* 
mapping for assessing subtle 
tissue change in patients with 
clinically isolated syndrome.
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reconstructed QSM images are shown 
in Figure 1.

On the basis of high-resolution 
magnetization-prepared rapid acqui-
sition gradient-echo imaging, bilateral 
deep GM structures (caudate nucleus, 
globus pallidus, putamen, and thala-
mus) were segmented automatically for 
all subjects by using FIRST (27), a seg-
mentation and registration algorithm 
based on deformable models, which 
is part of FSL software (FMRIB Soft-
ware Library, available at www.fmrib.
ox.ac.uk/fsl/) (28). Resulting three-
dimensional models of these structures 
were eroded by 1 pixel to reduce partial 
volume effects and then were used to 
mask all regions of interest on the QSM 
images and R2* maps. Subsequently, 
the mean magnetic susceptibility and 
standard deviations were calculated for 
each structure bilaterally. Additionally, 
a global measure for the basal ganglia 
was calculated by averaging either mag-
netic susceptibilities or R2* rates of the 
caudate nucleus, the globus pallidus, 
and the putamen. Normalized brain vol-
ume and regional volumes of white mat-
ter and cortical and overall GM were 
measured by using SIENAX, which is 
part of FSL software (29).

In patients, T2 lesion load was as-
sessed on fluid-attenuated inversion 
recovery images by segmenting the le-
sions semiautomatically with a region-
growing algorithm developed in-house. 
The total lesion load was then calcu-
lated by multiplying the area of all le-
sion masks with the section thickness.

clinical information performed all im-
age analyses (C.L. T.L., M.J., with 5, 
6, and 6 years, respectively, of expe-
rience in neuroimaging; M.K., with 6 
years of experience in clinical neurol-
ogy; C.E., with 15 years of experience 
in neuroradiology).

For R2* mapping, all magnitude 
images of the gradient-echo sequence 
were registered to the first echo to cor-
rect for image shifts induced by the bi-
polar readout gradient. Subsequently, 
R2* was calculated pixel-wise by fitting 
a monoexponential decay function into 
the multiecho data and by applying 
a truncation model to consider non-
Gaussian noise at later echoes (24).

QSM images were reconstructed 
according to an algorithm described 
elsewhere in detail (11,25). In short, 
QSM images were generated by using 
a morphology-enabled dipole inver-
sion method, which inverts an esti-
mated local magnetic field to generate 
a magnetic susceptibility distribution 
that is structurally consistent with an 
anatomic prior, which is derived from 
the magnitude image obtained dur-
ing the same imaging. The local mag-
netic field was calculated from a field 
map derived from MR phase images 
(26), followed by a projection onto di-
pole fields method for removal of the 
background field induced by suscep-
tibility sources outside the brain pa-
renchyma. The process of QSM from 
raw gradient-echo images (magnitude, 
wrapped phase), the generation of the 
morphology mask, and the resulting 

patients were excluded because no 
gradient-echo phase data were avail-
able, which resulted in a total number 
of 68 included patients (mean age, 34.3 
years; range, 19–59 years). R2* data 
of most of these patients and of con-
trol subjects have been reported previ-
ously in a study that solely focused on 
R2* mapping (7). Of the 68 subjects, 
26 had a diagnosis of CIS suggestive 
of MS and 42, of MS. Additionally, we 
recruited control subjects (n = 23) in 
the same age range as the patients 
and without a known neuropsychi-
atric disorder. Characteristics of the 
study participants are summarized in  
Table 1. The local ethics committee ap-
proved this study, and all subjects gave 
written informed consent.

MR Imaging
All participants underwent MR imaging 
of the brain with a 3-T imager (Tim-
Trio; Siemens Healthcare, Erlangen, 
Germany) equipped with a head array 
coil and 12 receiver channels by using 
identical protocols. Gradient-echo im-
ages for QSM reconstruction and calcu-
lation of R2* rates were acquired with 
identical spoiled three-dimensional 
fast low-angle shot sequence with 12 
equally spaced echoes (repetition time 
msec/echo time msec, 68/4.92; flip an-
gle, 20°; interecho spacing, 4.92 msec; 
in-plane resolution, 1 3 1 mm2; section 
thickness, 4 mm; number of sections 
acquired, 32; acquisition time, 4 mi-
nutes 51 seconds).

The MR imaging protocol also in-
cluded a fluid-attenuated inversion re-
covery sequence (repetition time msec/
echo time msec/inversion time msec, 
9000/69/2500; in-plane resolution, 0.9 
3 0.9 mm2; section thickness, 3 mm; 
acquisition time, 4 minutes 22 seconds) 
for assessment of MS lesions. A T1-
weighted three-dimensional magnetiza-
tion-prepared rapid acquisition gradi-
ent-echo sequence (1900/2.19/900; flip 
angle, 9°; acquisition time, 6 minutes 1 
second) with 1-mm isotropic resolution 
was used for brain tissue segmentation.

Image Processing and Analysis
Trained and experienced technicians 
and MR imaging readers blinded to 

Table 1

Clinical and Demographic Data of the Study Cohort

Variable Control Subjects CIS Patients MS Patients P Value

No. 23 26 42 Not applicable
No. of women* 12 (52.2) 19 (73.1) 28 (66.7) Not significant
Age (y)† 32.7 6 11.2 35.4 6 11.7 34.6 6 9.1 Not significant
Disease duration (y)† Not applicable 0.77 6 1.6 7.3 6 5.6 ,.01‡

EDSS score§ Not applicable 1. 2 (0–2) 1.0 (0–2) Not significant

* Data in parentheses are percentages.
† Data are means 6 standard deviation.
‡ Mann-Whitney U test.
§ Data are medians with interquartile range in parentheses.
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same age range as the patients because 
brain iron is accumulating in the process 
of normal aging (31). Morphologic 
characteristics for patients and con-
trol subjects are presented in Table 2.  
T2 lesion load was higher in MS pa-
tients compared with CIS patients. The 
normalized volumes of GM, cortex, 
white matter, and the entire brain were 
lower in MS patients than in control 
subjects. MS patients also had signifi-
cantly lower white matter volumes than 
CIS patients.

Group Differences as Assessed with QSM 
and R2* Mapping
Maps of magnetic susceptibility and 
R2* were successfully obtained from all 
subjects. Figure 2 provides represen-
tative magnetic susceptibility and R2*, 
where the MS patient demonstrates 
higher (more paramagnetic) suscepti-
bility in the basal ganglia than does the 
control subject.

Mean magnetic susceptibility 
values and R2* rates in the caudate 
nucleus, globus pallidus, putamen, 
and the global basal ganglia are sum-
marized in Table 3. A higher suscepti-
bility (more paramagnetic) was found 
in all basal structures in the patients 
when compared with control subjects. 
Magnetic susceptibilities were higher 

regional brain volumes; Spearman: 
EDSS score, disease duration, T2 le-
sion load). All tests were separately 
performed for CIS and MS patients, 
as well as for the entire patient group, 
whereas the latter analysis considered 
partial correlations after controlling 
for the disease phenotype. Because of 
the exploratory nature of this analysis, 
no adjustment for multiple testing was 
made (30). In the next step, we per-
formed stepwise forward multiple 
linear regression analysis to identify 
independent predictors of magnetic 
susceptibility and R2* relaxation rate. 
Independent variables were excluded 
when colinearities were found (eg, gray 
and cortical GM volumes). To reduce 
the number of possible associations, 
only the global basal ganglia magnetic 
susceptibility and global basal ganglia 
R2* rate were used as dependent vari-
ables for the multivariate analyses.

Results

Patient Characteristics and Morphology
Characteristics of the study participants 
are presented in Table 1. Most notable, 
mean age and EDSS score did not vary 
significantly between the CIS and MS 
subgroup. Control subjects were in the 

Statistical Methods
All analyses were performed by C.L. 
and M.K. using GNU R software, ver-
sion 2.15.0 (R Foundation for Statisti-
cal Computing, http://www.r-project.
org). A P value of less than .05 was con-
sidered to indicate a statistically signif-
icant difference. Normal distribution of 
data was tested with the Kolmogorov-
Smirnov test. Differences in brain vol-
umes, R2*, and magnetic susceptibility 
were tested by using one-way analysis 
of variance. Fisher least significant dif-
ference post hoc test was used to as-
sess differences of R2* mapping and 
QSM between the cohorts (control sub-
jects, CIS patients, MS patients). This 
analysis was performed individually for 
the caudate, globus pallidus, putamen, 
thalamus, and the global basal gan-
glia. Paired t tests and Mann-Whitney 
U tests were used for assessing differ-
ences between CIS and MS patients 
with regard to the Expanded Disability 
Status Scale (EDSS) score (29), disease 
duration, and T2 lesion load.

Pearson and Spearman correlation 
analyses served to investigate the rela-
tion of clinical and demographic data 
(EDSS score, disease duration, and 
age), T2 lesion load, and brain volumes 
on basal ganglia magnetic susceptibil-
ity and R2* (Pearson: age, global and 

Figure 1

Figure 1:  Overview of the image processing steps for QSM. A morphology mask (B) is calculated from the multiecho magnitude data 
(A,), which enables inclusion of morphologic information in the reconstruction process. The raw phase image (C) is unwrapped (D) and 
is then used to estimate the local field distribution by using projection onto dipole field (E). When solving the inverse problem from the 
local field (E), the morphologic information (B) is included in the morphology-enabled dipole inversion (MEDI), resulting in a quantitative 
susceptibility map (F).
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Table 2

Morphologic Data

Variable Control Subjects CIS Patients MS Patients Significant Differences*

Brain volume (mL) 1591.8 6 77.1 1547.9 6 98.1 1507.7 6 96.1 MS patients , control subjects (,.001)
GM volume (mL) 811.8 6 49.2 787.5 6 67.6 771.7 6 50.6 MS patients , control subjects (.006)
Cortical volume (mL) 665.7 6 45.9 650.2 6 56.0 631.1 6 46.2 MS patients , control subjects (,.008)
White matter volume (mL) 780.0 6 35.8 760.4 6 42.1 735.9 6 51.6 MS patients , CIS patients (.033) and  

MS patients , control subjects (,.001)
Ventricular volume (mL) 34.5 6 13.2 36.6 6 16.7 42.8 6 19.9 Not significant
T2 lesion load (mL) Not applicable 4.35 6 5.3 12.4 6 13.0 CIS patients , MS patients (.001)†

Note.—Data are means 6 standard deviation and have been normalized to the standard brain volume.

* Data in parentheses are P values.
† Mann–Whitney U Test.

Figure 2

Figure 2:  Representative R2* maps (top row) 
and quantitative susceptibility maps (bottom row) 
of two 29-year-old individuals, a healthy control 
subject and an MS patient. Note increased (more 
paramagnetic) susceptibility in the basal ganglia in 
the MS patient. Differences are most evident in the 
putamen (arrow, 0.049 vs 0.092 ppm). Image win-
dow settings were identical: R2* mapping, from 0 
(black) to 40 sec21 (white); QSM, from 20.1 (black) 
to 0.25 ppm (white).

in the caudate nucleus and the putamen 
of CIS patients compared with control 
subjects (Fig 3). No differences be-
tween CIS and MS patients were found 
regarding susceptibility.

Mean R2* relaxation rates were in-
creased in the caudate nucleus, puta-
men, and the thalamus of MS patients 
compared with control subjects. With 
respect to R2* rates, no differences be-
tween CIS patients and control subjects 
nor CIS and MS patients were found.

Univariate Correlations of Basal 
Ganglia Magnetic Susceptibility with 
Demographic, Clinical, and Morphologic 
Parameters
Table 4 shows results of univariate re-
gression analyses in CIS patients, MS 
patients, and both groups combined. 
The strongest correlation for global 
basal ganglia magnetic susceptibility was 
found for age (r = 0.48, P , .001). EDSS 
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When patient groups were analyzed sep-
arately, the significance of these correla-
tions got lost in CIS, while MS patients 
showed a correlation only between basal 
ganglia susceptibility and GM volume 

susceptibilities only in CIS patients (r = 
0.48, P , .05), but not in MS patients.

GM and whole brain volumes nega-
tively correlated with basal ganglia sus-
ceptibility in the entire patient group. 

score and basal ganglia susceptibility 
were also correlated (r = 0.34, P , .01),  
and this association was driven by the 
group of MS patients (Table 4). T2 le-
sion load correlated with basal ganglia 

Table 3

Regional Magnetic Susceptibility and R2* Values

Variable Control Subjects* CIS Patients* MS Patients* Significant Differences†

Magnetic susceptibility values (ppm)
  Caudate 0.049 6 0.010 0.059 6 0.016 0.064 6 0.015 MS patients . control subjects (,.001);

CIS patients . control subjects (.023)
  Globus pallidus 0.163 6 0.031 0.174 6 0.030 0.179 6 0.019 MS patients . control subjects (.018)
  Putamen 0.053 6 0.017 0.069 6 0.025 0.073 6 0.028 MS patients . control subjects (.002);

CIS patients . control subjects (.025)
  Basal ganglia 0.088 6 0.017 0.101 6 0.020 0.106 6 0.016 MS patients . control subjects (,.001);

CIS patients . control subjects (.015)
  Thalamus 0.005 6 0.006 0.008 6 0.008 0.004 6 0.009 Not significant (..26)
R2* values (sec21)
  Caudate 21.1 6 1.7 21.5 6 2.7 22.4 6 2.7 MS patients . control subjects (.047)
  Globus pallidus 37.4 6 4.1 37.1 6 3.9 38.3 6 2.8 Not significant (..35)
  Putamen 24.2 6 2.3 25.3 6 3.4 26.2 6 4.0 MS patients . control subjects (.029)
  Basal ganglia 27.6 6 2.4 27.9 6 2.9 28.9 6 2.5 MS patients . control subjects (.038)
  Thalamus 20.4 6 0.9 21.0 6 1.2 21.0 6 1.0 MS patients . control subjects (.040)

* Data are means 6 standard deviation.
† Data in parentheses are P values.

Figure 3

Figure 3:  Box plots show mean regional R2* relaxation rates and magnetic susceptibilities in components of the basal ganglia (BG) and their average in CIS and 
MS patients and in control subjects (HC). Horizontal bars = significant differences. ∗ = P , .05, ∗∗ = P , .01, ∗∗∗ = P , .001.
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(including deep GM), compared with 
15.6% of the white matter, was demy-
elinated, highlighting that the extent of 
GM damage in MS may be underes-
timated (32). Furthermore, it is well 
known that subcortical nuclei are in-
volved already at the earliest stages 
of the disease–in part probably via 
damage to traversing myelinated fiber 
tracts–and may contribute to subse-
quent disease evolution (33–35). Given 
these observations, it seems plausible 
that demyelination in the basal ganglia 
contributed to the higher sensitivity 
of QSM. In contrast, both iron accu-
mulation and demyelination exert a 
counteracting effect on R2*, which re-
duces the sensitivity of R2* mapping to 
capture MS-related tissue changes and 
which may also explain why R2* map-
ping did not reveal significant changes 
in the CIS cohort in this and previous 
work.

Iron accumulation in CIS patients 
has been scarcely investigated so far. In 
a previous study, no differences in the 
basal ganglia between control subjects 
and CIS patients were observed by using 
R2* mapping (7). While at first glance 
this appears to contradict present find-
ings, it has to be highlighted that also 
in the current study no differences be-
tween control subjects and CIS patients 
were observed with R2* mapping. Such 
differences were only found by using 
the putative more sensitive QSM ap-
proach and might be partly ascribed 

of the magnetic susceptibility of tissue, 
to assess tissue changes in CIS and MS 
patients. Unlike other susceptibility-
related MR parameters, including R2* 
and gradient-echo phase mapping, 
QSM directly reveals to which extent 
tissue is magnetized when it is exposed 
to a magnetic field. It therefore pro-
vides a true quantitative parameter 
with direct reflection of an intrinsic 
tissue property. As a main finding in 
our current study, QSM demonstrated 
higher sensitivity in the assessment 
of MS-related tissue changes in the 
basal ganglia than did R2* relaxation 
rate mapping, allowing the detection 
of changes already present in CIS 
patients.

While these findings favor QSM as 
a more sensitive measure for such dis-
ease-related susceptibility changes in 
MS, their origin is not fully clear. Con-
sidering that R2* mapping and QSM 
were derived from the same data set, 
a possible explanation is the additive 
effect of demyelination. The proteins 
composing myelin have an overall dia-
magnetic susceptibility (in relation to 
water) and thus are counteracting the 
paramagnetic contribution of iron. A 
reduction of the myelin content there-
fore has the same effect on suscepti-
bility as does increased iron content 
(22). Recent histologic work with 
proteolipid protein staining in tissue 
of 14 patients confirmed to have MS 
showed that overall 28.8% of the GM 

(r = 20.34, P , .05) and with cortical 
volume (r = 20.32, P , .05).

Univariate Correlations of R2* Rate of 
Basal Ganglia with Demographic, Clinical, 
and Morphologic Parameters
The strongest association for global 
basal ganglia R2* rate was found for age 
(r = 0.51, P , .001), and also in parallel 
to the observations with QSM, regional 
and global brain volumes negatively cor-
related with basal ganglia R2* rates. 
However, basal ganglia R2* did not show 
any association with EDSS score, disease 
duration, or T2 lesion load. When all 
patients were considered, correlations 
were found for cortical GM and global 
brain volumes (Table 4).

Determinants of Basal Ganglia Magnetic 
Susceptibility and R2* Rate

All variables showing significant univari-
ate correlations were considered in step-
wise multiple regression models that in-
cluded CIS and MS patients. When R2* 
was considered, only age (b = 0.50, P , 
.001) independently predicted changes 
in the basal ganglia. The magnetic sus-
ceptibility in the basal ganglia was inde-
pendently predicted by age (b = 0.48, P 
, .001) and T2 lesion load (b = 0.23, P 
, .05).

Discussion

In the current study we applied QSM, an 
emerging technique for determination 

Table 4

Univariate Regression Analyses

Variable Age* EDSS Score† T2 Lesion Load† GM Volume* Cortical Volume* White Matter Volume* Whole Brain Volume*

QSM
  CIS patients 0.37 (.06) 0.30 (.16) 0.48 (.02) 20.34 (.09) 20.38 (.06) 20.09 (.65) 20.27 (.17)
  MS patients 0.58 (,.001) 0.36 (.02) 0.01 (.92) 20.34 (.03) 20.32 (.04) 20.12 (.46) 20.24 (.12)
  Both 0.48 (,.001) 0.34 (.006) 0.19 (.11) 20.35 (.004) 20.35 (.003) 20.12 (.33) 20.26 (.03)
R2 mapping
  CIS patients 0.53 (.005) 0.25 (.24) 0.26 (.22) 20.51 (.008) 20.53 (.005) 20.21 (.31) 20.44 (.02)
  MS patients 0.49 (,.001) 0.29 (.07) 0.14 (.39) 20.30 (.05) 20.27 (.07) 20.16 (.31) 20.24 (.11)
  Both 0.51 (,.001) 0.25 (.05) 0.17 (.15) 20.41 (,.001) 20.40 (,.001) 20.19 (.12) 20.34 (.005)

Note.—Data in parentheses are P values.

* Pearson correlation coefficients.
† Spearman correlation coefficients.
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for converting to clinically definite MS 
and for the subsequent course of the 
disease.

In conclusion, we have shown that 
QSM has superior sensitivity in the as-
sessment of MS-related tissue changes 
in the basal ganglia than does R2* re-
laxation rate mapping, with susceptibil-
ity changes already observable in CIS 
patients. We interpret this increased 
susceptibility as the consequence of 
higher iron content, but demyelination 
might have an additive role.
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