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ABSTRACT

BACKGROUND AND PURPOSE: Potential differences between primary progressive and relapsing remitting multiple sclerosis are the
subject of ongoing controversial discussions. The aim of this work was to determine whether and how primary-progressive and relapsing-
remitting multiple sclerosis subtypes differ regarding conventional MR imaging parameters, cerebral iron deposits, and their association
with clinical status.

MATERIALS AND METHODS: We analyzed 24 patients with primary-progressive MS, 80 with relapsing-remitting MS, and 20 healthy
controls with 1.5T MR imaging for assessment of the conventional quantitative parameters: T2 lesion load, T1 lesion load, brain parenchymal
fraction, and corpus callosum volume. Quantitative susceptibility mapping was performed to estimate iron concentration in the deep gray
matter.

RESULTS: Decreased susceptibility within the thalamus in relapsing-remitting MS compared with primary-progressive MS was the only
significant MR imaging difference between these MS subtypes. In the relapsing-remitting MS subgroup, the Expanded Disability Status
Scale score was positively associated with conventional parameters reflecting white matter lesions and brain atrophy and with iron in the
putamen and caudate nucleus. A positive association with putaminal iron and the Expanded Disability Status Scale score was found in
primary-progressive MS.

CONCLUSIONS: Susceptibility in the thalamus might provide additional support for the differentiation between primary-progressive and
relapsing-remitting MS. That the Expanded Disability Status Scale score was associated with conventional MR imaging parameters and iron
concentrations in several deep gray matter regions in relapsing-remitting MS, while only a weak association with putaminal iron was
observed in primary-progressive MS suggests different driving forces of disability in these MS subtypes.

ABBREVIATIONS: BPF � brain parenchymal fraction; CCV � corpus callosum volume; CN � caudate nucleus; DGM � deep gray matter; EDSS � Expanded
Disability Status Scale; GP � globus pallidus; HC � healthy controls; Put � putamen; QS � quantitative susceptibility; QSM � quantitative susceptibility mapping;
PPMS � primary-progressive multiple sclerosis; RRMS � relapsing-remitting multiple sclerosis; RREM � relapsing-remitting EDSS-matched group; T1LL � T1 lesion load;
T2LL � T2 lesion load

Pathologic cerebral iron accumulation in multiple sclerosis is a

consistent finding in MR imaging and neuropathologic stud-

ies. Abnormal iron deposits were detected particularly in the deep

gray matter (DGM)—that is, in the putamen, caudate nucleus

(CN), and globus pallidus (GP) with iron-sensitive MR imaging

techniques such as R2* relaxometry, magnetic field correlation

imaging, phase imaging, and quantitative susceptibility mapping

(QSM).1-8 Neuropathologic studies in MS confirmed increased

iron content in both glial cells and neurons in DGM associated

with degenerative changes,9 while overall iron loss was observed

in normal-appearing white matter.10 An increase in iron concen-

tration appears to be an early phenomenon, with the highest

amounts of accumulation occurring during the transitions from

clinically isolated syndrome to definite MS.11
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Currently, little information is available on the differences in

iron content in various MS subtypes. Primary-progressive MS

(PPMS) is a subtype characterized by a steady progression with-

out relapses and worse response to immunosuppressant drugs. It

has been postulated that underlying mechanisms and measures of

disability progression in PPMS may be different from those in

relapsing-remitting MS (RRMS). In particular, inflammation

may be less prominent compared with neurodegeneration in the

PPMS subtype. However, neuroimaging studies supporting this

theory are lacking. It remains unclear whether PPMS and RRMS

subtypes differ in iron accumulation in the DGM. Differences in

demographic and clinical data cause difficulties in the compari-

son of these 2 subtypes. PPMS affects older age groups than

RRMS, with a peak incidence in the fifth and sixth decades; the

male-to-female ratio is typically 1:1 compared with 1:3 reported

in most RRMS trials. Additionally, the Expanded Disability Status

Scale (EDSS) score is higher in patients with PPMS than in those

with RRMS, with the same disease duration indicating faster dis-

ease progression in PPMS.12

The primary goal of this study was to compare iron content

and conventional MR imaging parameters such as T2 lesion load

(T2LL), T1 lesion load (T1LL), brain parenchymal fraction (BPF),

and corpus callosum volume (CCV) in RRMS and PPMS. We

were particularly interested in whether these MS subtypes differ in

iron concentration and whether iron accumulation has a different

impact on disability in PPMS compared with RRMS. From several

MR imaging– based techniques enabling the assessment of iron

concentration in the brain,13 we chose quantitative susceptibility

mapping (QSM). Postmortem validation studies have demon-

strated that QSM in the DGM is tightly correlated with iron con-

centration.14 QSM has been shown to correlate with R2 and R2*

relaxometry, but compared with these techniques, it does not re-

quire multiecho data, has a higher dynamic range, and might be

more sensitive to smaller tissue-susceptibility changes.15-18

The secondary goal was to investigate the correlation between

quantitative MR imaging parameters and clinical disability mea-

sured by the EDSS in both MS subtypes.

MATERIALS AND METHODS
Research Subjects
Twenty-four patients with PPMS, 20 age- and sex-matched

healthy controls (HC), and 303 patients with RRMS were inves-

tigated. Patients with RRMS and PPMS were diagnosed according

to the clinical classification of Lublin et al.19 Of the total 28 pa-

tients with PPMS from the data base of our MS center, 4 patients

were excluded due to contraindications to MR imaging, refusal to

participate in this study, moving away, and incomplete set of data,

respectively. Patients with RRMS who had routine MR imaging

examinations from September 2013 to September 2015 were

asked to participate in this study; 303 patients were investigated.

From the whole sample of 303 patients with RRMS, 2 groups have

been identified by distributional matching to the PPMS group by

using the MatchIt Library (Version 2.4 –21),20 as implemented in

the R Statistical and Computing Software (http://www.r-projec-

t.org/). The first RRMS group consisting of 80 patients was ob-

tained by matching RRMS to PPMS according to age and sex. The

second RRMS group was obtained by an independent procedure

of matching RRMS to PPMS according to age, sex, and EDSS

score. This additional EDSS matching, performed to control for

higher disease severity in the PPMS group, yielded a group of 40

patients, referred to as RREDSS-Matched (RREM); RRMS and RREM

groups are partially overlapping with 29 patients included in both

groups. Seventy-nine percent of patients from the RRMS group,

75% from the RREM group, and 29% from the PPMS group were

on a long-term MS-specific treatment (On-line Table 1). Written

informed consent was obtained from all patients, and the research

was approved by the local medical ethics committee at First Fac-

ulty of Medicine, Charles University and General University Hos-

pital in Prague, Czech Republic.

MR Imaging Acquisition and Image Processing
The examinations were performed by using a 1.5T MR imaging

system (Gyroscan NT; Philips Healthcare, Best, the Netherlands);

a standard quadratic head coil was used. The protocol included

FLAIR (150 axial sections, TR � 1000 ms, TE � 140 ms, TI �

2600 ms, spatial resolution � 1 � 1 � 1 mm3, scan duration � 10

minutes 16 seconds), T1-weighted imaging (fast-field echo/3D,

150 axial sections, TR � 25 ms, TE � 5.01 ms, spatial resolution �

1 � 1 � 1 mm3, scan duration �12 minutes 48 seconds), and

susceptibility-weighted imaging (fast-field echo/3D, 100 axial sec-

tions, TR � 48.1 ms, TE � 33.2 ms, spatial resolution � 0.8 �

0.8 � 2.0 mm3, scan duration � 6 minutes 30 seconds) pulse

sequences.

Automated volumetric image analysis was performed with the

in-house-developed ScanView software (http://www.scanview.cz/)

as described previously.21-23 In brief, after standard image pro-

cessing, image signal intensity was normalized (peak � 10,000,

WM � 5000 artificial units) and the volume of T2 lesions (T2LL)

was measured in homogenized and filtered FLAIR images as the

area exceeding 140% of the WM intensity and the size of 11 voxels.

Next, T2 hyperintensities were transformed to the T1-weighted

image and the volume of hypointensities (T1LL) was calculated as

the area with signal below 70% of the WM. In addition, the num-

ber of thalamic lesions was counted by a single rater on FLAIR

images. BPF (volume of the brain parenchyma divided by the

volume of the brain parenchyma and CSF space) and CCV were

measured on the T1-weighted image. For CCV measurement,

transversal sections were reconstructed to the sagittal plane. After

smoothing and edge-enhancing, we applied filters and the area of

the corpus callosum was outlined automatically on 7 sections,

including the midsagittal section and 3 adjacent sections to the left

and to the right. The resulting areas bounded by the curve were

then recorded in all 7 sagittal reconstructions, and average value

was calculated. The corpus callosum volume was calculated as

mean area multiplied by the total thickness of 7 sections.

The reproducibility of T1LL, T2LL, BPF, and CCV measure-

ments was evaluated by using MR imaging data of 164 patients

with MS who were examined every 8 weeks throughout 1 year.

Interclass correlation coefficients of 2 measurements performed

within 8 weeks were 0.9983 for T1/T2LL, 0.9920 for BPF, and

0.9985 for CCV. The estimated reproducibility error of the auto-

matic WM lesion segmentation algorithm was calculated to be

10% for small lesions (�1 cm3) and 2%–3% for larger lesions.

QSM images were reconstructed by using a total generalized

1080 Burgetova Jun 2017 www.ajnr.org

http://www.scanview.cz/


variation method as previously described.24 Briefly, the recon-

struction consisted of Laplacian unwrapping, background field

removal, and dipole inversion by using the total generalized vari-

ation regularization in a single integrated step. Susceptibility was

measured in the following ROIs: CN, putamen (Put), GP, and

thalamus. ROIs were determined by using automated segmenta-

tion of the T1-weighted image with FreeSurfer, Version 4.5

(http://surfer.nmr.mgh.harvard.edu/). QSM images were rigidly

aligned with the T1-weighted images, and subsequently regional

median susceptibilities in parts per billion were measured (Fig. 1).

To check the performance of the automatic segmentation al-

gorithm, we compared it with manual segmentation, which was

considered ground truth. The extent of spatial overlap between

the manual and automatic segmentations was evaluated by using

comparative DICE scores. The CN, Put, GP, and thalamus out-

lines were manually segmented by a single rater in 3 randomly

selected healthy subjects by using ITK-SNAP software (www.

itksnap.org/).25 The CN and Put were segmented on T1-weighted

image; the GP and thalamus were segmented while simultane-

ously using coregistered T1-weighted and QSM images. The

mean comparative DICE scores (1.0 is perfect alignment) were

0.76 (range, 0.71– 0.80) for the CN, 0.79 (range, 0.79 – 0.80) for

the Put, 0.74 (range, 0.68 – 80) for the GP, and 0.79 (range, 0.77–

0.81) for the thalamus.

Because thalamic iron distribution is inhomogeneous, we have

additionally performed manual segmentation of the entire tha-

lamic outline and pulvinar outline in all subjects with QSM and

T1-weighted images. Consequently, susceptibility in parts per bil-

lion was measured in the thalamus, pulvinar, and thalamus with-

out the pulvinar.

Statistical Analysis
We used t tests or nonparametric Mann-Whitney U tests with a

nonpooled SD to compare between-group differences in mean or

median values of demographic, clinical, and MR imaging charac-

teristics and median susceptibilities. Age was used as a covariate in

the analysis to correct for age-related increases in cerebral iron

concentration.26 The Benjamini-Hochberg procedure with P �

.05 was used to minimize the false discovery rate. The relations

between EDSS and MR imaging metrics within each group were

investigated by the Spearman correlation coefficient. Addition-

ally, interaction analysis by using the multivariate general linear

model was performed to examine whether the association be-

tween conventional MR imaging parameters and susceptibility in

DGM nuclei differs by MS subtype. Interaction between MR im-

aging parameters and EDSS by MS subtype was also tested. Thus,

patients were categorized into 1 of 4 classes according to EDSS

category and MS subtype (ie, PPMS with EDSS � 4, PPMS with

EDSS � 4, RRMS with EDSS � 4, RRMS with EDSS � 4).

ANOVA and paired t tests were used to compare differences in

means of MR imaging parameters among these subgroups. All

analyses were performed with the statistical software R (www.

r-project.org/); reported P values are 2-tailed.

RESULTS
Clinical and Conventional MR Imaging Parameters:
Comparison of RRMS, PPMS, and Controls
MR imaging metrics in RRMS were compared with those in the

PPMS and HC groups. The clinical disability (EDSS) distribution

of patients with RRMS differs significantly from that in patients

with PPMS (P � .001). The PPMS group was, therefore, also

compared with the RREM MS subgroup, consisting of 40 patients

matched for EDSS scores. Subject demographic and clinical data

and comparison of conventional MR imaging parameters among

RRMS, PPMS, and HC are listed in Table 1. The PPMS group

showed significantly higher T1LL (P � .023) relative to the RRMS

group, while no significant differences were found between PPMS

and RREM MS groups in conventional MR imaging metrics.

Comparison of Susceptibility among MS Subtypes and HC
Compared with HC, both MS groups had significantly increased

quantitative susceptibility (QS) values in the putamen (HC versus

RRMS, P � .042, and PPMS, P � .009, respectively) (Fig. 2A).

Regional susceptibility was significantly lower in the thalamus in

the RRMS group compared with HC (P � .004). In contrast, there

was no such decrease in thalamic susceptibility in the PPMS group

compared with HC (P � .757). The only significant difference

between MS subtypes found was lower regional susceptibility in the

thalamus in the RRMS compared with the PPMS group (P � .007)

(Table 2 and Fig. 2B). Lower QS values in the thalamus were also

observed in the RREM group compared with PPMS (P � .007). Tha-

lamic QS values were likely not influenced by demyelinating lesions

FIG 1. Sample MR image section depicting gradient-echo magnitude (A), raw phase (B), and quantitative susceptibility map (C) with ROIs outlined
in the caudate nucleus, putamen, globus pallidus, and thalamus.
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because a single thalamic lesion was present in only 9 patients with

RRMS (11%) and 3 with PPMS (12.5%).

Results from manual segmentation of the entire thalamus con-

firmed these findings, showing significantly lower QS values in

RRMS compared with PPMS (P � .026) and a trend toward lower

values in RRMS compared with HC (P � .057). When we ana-

lyzed thalamic substructures, the difference in QS among RRMS,

PPMS, and HC groups was most pronounced in the thalamus

without the pulvinar; in this region lower QS values were found in

RRMS compared with HC (P � .035) and PPMS (P � .035)

groups. No significant differences were found in the pulvinar

(RRMS versus HC, P � .28; RRMS versus PPMS, P � .28) (On-

line Table 2 and On-line Fig 1).

Correlations of QS Values with Conventional MR Imaging
Metrics
In the RRMS group, we identified negative correlations between

QS values in the thalamus and T2LL as well as T1LL and a positive

correlation with BPF and CCV. In the PPMS group, QS values did

not correlate with any conventional MR imaging parameter

(Table 3).

Interaction analysis between each combination of dependent

(QS in CN, GP, Put, thalamus) and independent (T1LL, T2LL,

BPF, CCV) variables in PPMS and RRMS confirmed significant

interaction between MS subtypes and the T1LL/T2LL effect on

thalamic QS (P � .05). In the RRMS group, a strong negative

linear relationship between T1LL/T2LL and QS in the thalamus

was detected, while no such relationship was observed in the

PPMS group (On-line Table 3 and On-line Fig 2).

Association between MR Imaging Metrics and Disability
(EDSS) in MS Subtypes
In RRMS, the EDSS score was associated with all conventional

MR imaging parameters: T1LL, T2LL, BPF, and CCV (Table 4).

The strongest association was found for T1LL (Spearman cor-

relation coefficient � 0.458, P � .0001). In addition, we iden-

tified a positive association between EDSS and QS values in the

putamen (Fig 3A) and the CN. A negative association between

the EDSS score and thalamic QS values was observed in the

RRMS group (Fig 3C). In contrast, no association was found

between the EDSS score and conventional MR imaging param-

eters in the PPMS group; there was only a positive association

between EDSS and putaminal QS values observed in this group

(Fig 3B, -D).

Interaction analysis comparing patients with EDSS � 4 and

EDSS � 4 in each MS subtype confirmed significant differences in

mean thalamic susceptibility between RRMS with greater EDSS

scores and PPMS regardless of EDSS scores (P � .001) (On-line

Tables 4 and 5). Statistical differences in T1LL and T2LL were

observed only between RRMS with greater EDSS scores and

Table 1: Demographic and clinical data and conventional MRI metrics in HC, RRMS, RREM, and PPMS groupsa

HC 20
(8/12)

RRMS 80
(32/48)

RREM MS 40
(16/24)

PPMS 24
(9/15)

P Valueb

PPMS vs RRMS
(RREM)

HC vs RRMS
(RREM)

HC vs
PPMS

Age (yr) 48.0 (7.3) 46.9 (7.0) 48.6 (7.0) 47.4 (6.8) .72 (.72) .72 (.72) .72
Disease duration (yr) – 12.4 (10.7) 13.2 (11.0) 7.7 (3.3) .006c (.006)c – –
EDSSd – 2.5 (2.5) 4 (0.6) 4.5 (1.6) �.001c (.173) – –
T1LLd – 1.1 (1.1) 1.4 (1.6) 1.8 (3.3) .023c (.276) – –
T2LLd – 2.1 (4.9) 3.6 (7.2) 2.8 (10.6) .431 (.923) – –
BPF (%) 86.2 (1.5) 84.2 (2.4) 83.8 (2.4) 84.7 (3.0) .490 (.490) �.001 (�.001) .08
CCV (cm3) 4.6 (0.6) 4.1 (0.7) 4.0 (0.7) 4.1 (0.8) .690 (.690) .004 (.001) .013

Note:— – indicates not relevant.
a The number of participants and the female/male ratio are reported for each group. Unless otherwise indicated, data are reported as mean (SD). Numbers in parentheses in the
headers of columns 2–5 are No. of subjects in groups (F/M).
b Pair-wise comparison (P value). Differences among HC, PPMS, and RRMS (RREM) groups were tested using a t test or Mann-Whitney U test with nonpooled SD (Benjamini-
Hochberg correction).
c Significant.
d Mann-Whitney U test with nonpooled SD (Benjamini-Hochberg correction) (median and interquartile range).

FIG 2. Quantitative susceptibility values in the putamen (A) and thal-
amus (B) across healthy controls and multiple sclerosis subtypes.
Lower thalamic susceptibility values are observed in the RRMS com-
pared with PPMS and HC groups. ppb indicates parts per billion.
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RRMS with lower EDSS scores (P � .004, P � .027, respectively)

(On-line Tables 4, 6, and 7).

DISCUSSION
Comparing iron concentration in DGM between PPMS and

RRMS subtypes, we identified QS values in the thalamus as the

only significant difference between age- and sex-matched RRMS

and PPMS groups. EDSS was associated with conventional MR

imaging parameters, indicating disease severity in the RRMS

group. Additionally, the EDSS score was positively associated with

iron concentration in the putamen and CN and negatively associated

with thalamic iron. No associations between EDSS and conventional

MR imaging metrics were found in the PPMS group.

Previous MR imaging studies detected similarities but also

several differences between PPMS and RRMS. Lesion morphol-

ogy (iron deposition, the presence of the central vein), lesion

count, and the proportion of cortical-to-total lesion counts were

similar in PPMS and RRMS groups.27 In PPMS, more diffuse

abnormalities in the brain and spinal cord along with smaller

caudate volume were apparent compared with RRMS.28 In

PPMS, clinicoradiologic correlation was weak for cerebral T1LL/

T2LL but was stronger between spinal cord symptoms and spinal

cord MR imaging parameters.29,30

In MS, increased iron levels seem to be already present in the

clinically isolated syndrome group, and further buildup can be

observed in the early stage after the transition to RRMS.16,31,32 We

confirmed significantly increased iron content in the putamen in

both MS subtypes compared with HC, in agreement with previ-

ous studies.4,6,7,33-35 While iron concentration was increased

within the basal ganglia in patients with RRMS, the opposite (ie,

lower iron concentration) was found in the thalamus. This result

is consistent with findings in several previous MR R2* relaxom-

etry studies showing lower thalamic iron in MS compared with

HC.6,7 On the contrary, other MR imaging studies with R2*,

QSM, magnetic field correlation imaging, or phase imaging

showed no significant difference1,36 or even higher iron concen-

tration in the thalamus in patients with RRMS.2,8,37,38

The cause of these contradictory findings is not clear. Because

the disease duration of the RRMS group included in our study was

rather long compared with other studies and thalamic iron con-

tent was negatively correlated with EDSS, one can speculate that

iron may accumulate in the early MS stage, while its concentration

may decrease in the later stage of the disease. However, another

study indicated that the loss of thalamic iron in MS has already

begun in patients with clinically isolated syndrome with further

decrease after the conversion to definite MS.11 In normal aging,

total thalamic iron shows a very different pattern from that in all

other DGM structures, with an accumulation until the fourth

decade, followed by a mild decrease.26 A histochemical study has

shown that iron distribution in the thalamus is uneven, with the

Table 2: Quantitative susceptibility within deep GM structuresa

DGM Structure
QS (ppb) HC RRMS RREM MS PPMS

Pair-wise Comparison (P Value)b

PPMS vs RRMS (RREM) HC vs RRMS (RREM) HC vs PPMS
CN 32.6 (9.5) 35.0 (9.6) 38.3 (10.1) 36.8 (6.8) .390 (.470) .390 (.230) .230
GP 66.7 (8.5) 71.9 (14.0) 72.4 (14.1) 70.8 (13.0) .860 (.860) .170 (.170) .420
Put 20.3 (5.4) 24.3 (10.7) 27.7 (10.3) 28.1 (10.5) .158 (.899) .042c (.003)c .009c

Thal 5.9 (3.3) 2.6 (4.9) 2.0 (5.7) 5.6 (3.9) .007c (.007)c .004c (.004)c .757

Note:—Thal indicates thalamus.
a All values are means (SD).
b Pair-wise comparisons (P value) were tested using t tests with nonpooled SD (Benjamini-Hochberg correction).
c Significant.

Table 3: Correlations of QS values in DGM with conventional MRI parameters in the RRMS and PPMS groups

DGM Region

T1LL T2LL BPF CCV

rs P Value rs P Value rs P Value rs P Value
RRMS

CN �0.09 .44 �0.07 .56 �0.01 .96 �0.05 .63
GP 0.02 .85 0.07 .53 �0.00 .99 �0.10 .37
Put 0.14 .23 0.12 .30 �0.20 .08 �0.21 .06
Thal �0.36 .001a �0.35 .001a 0.23 .04a 0.25 .02a

PPMS
CN �0.13 .55 �0.16 .46 0.05 .80 0.02 .93
GP 0.07 .75 0.09 .69 �0.03 .86 0.06 .79
Put 0.25 .25 0.36 .09 �0.28 .18 �0.16 .47
Thal �0.04 .85 0.03 .90 0.14 .52 0.11 .60

Note:—rs indicates Spearman correlation coefficient; Thal, thalamus.
a Significant.

Table 4: Associations of EDSS with conventional MRI metrics and
QS values

RRMS PPMS

rs P Value rs P Value
Conventional MRI

metrics
T1LL 0.458 �.001a 0.195 .361
T2LL 0.336 .002a 0.237 .265
BPF �0.281 .012a �0.001 .995
CCV �0.267 .017a �0.089 .680

QS
CN 0.234 .037a 0.127 .554
GP �0.106 .350 �0.059 .785
Put 0.298 .007a 0.464 .022a

Thal �0.251 .024a 0.119 .581

Note:—Thal indicates thalamus.
a Significant.
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anterior nuclear group, dorsomedial group, and pulvinar having

the highest iron reactivity.39 It is thus possible that the temporal

pattern of iron concentration change in individual thalamic nu-

clei is different. Indeed, a cross-sectional MR imaging study with

R2* and QSM showed that iron in the thalamic pulvinar may

increase with aging, while there was no age-related change in

other thalamic nuclei.40 In our study, the difference in thalamic

QS values between RRMS on one hand and PPMS and HC on the

other hand was mostly driven by variance in thalamic nuclei be-

yond the pulvinar, which is suggestive of diffuse iron loss within

the thalamus.

Thalamic QS values in the PPMS group were significantly

higher compared with the RRMS group; this finding indicates

different regulation of thalamic iron concentration in these MS

subtypes. However, the causes and consequences of different tha-

lamic iron levels in RRMS and PPMS cannot be clarified from this

cross-sectional study design. QS values in the thalamus were neg-

atively correlated with T2LL and T1LL and with EDSS in the

RRMS groups; this finding suggests an association between de-

creasing thalamic iron concentration and increasing WM impair-

ment. This association between thalamic susceptibility and EDSS

was not observed in the PPMS group. Susceptibility decrease may

be due to lower (paramagnetic) iron or higher (diamagnetic) my-

elin content.14,41 Higher myelin content is not plausible in the

context of MS; thus, our finding of negative thalamic susceptibil-

ity values in patients with RRMS and higher EDSS scores is rather

consistent with the loss of iron content. Moreover, the T2LL in the

thalamus, which could potentially affect susceptibility, was very

low, and the difference in lesion count

was insignificant in the RRMS and

PPMS groups.

When we investigated the conven-

tional MR imaging metrics, T1LL was

higher in the PPMS compared with the

RRMS group. This T1LL difference

could be related to higher clinical sever-

ity in the PPMS group, and it was not

observed when patients with PPMS and

RRMS were matched for EDSS scores.

T1 hypointense lesions often represent

the final destructive tissue changes, and

T1LL may better correlate with disease

progression and disability.42 Di Perri et

al43 have shown that T1LL was similar in

PPMS and RRMS subtypes matched for

disease duration. However, the T1LL-

to-T2LL ratio, along with clinical dis-

ability, was significantly higher in PPMS

compared with RRMS. In other studies,

on the contrary, the incidence of all

brain lesion types has been reported to

be reduced and brain atrophy increased

in patients with PPMS compared with

other MS subtypes, though there is a

wide variability.12,29,44-46 The low num-
ber of patients with PPMS in our study
and in other studies precludes firm

conclusions, and further studies with larger PPMS cohorts are

needed.

Examining associations between clinical severity and MR imaging

parameters in the PPMS group, we only found a positive associa-

tion between EDSS and iron concentration in the putamen. The

correlation between iron concentration in the putamen and CN

and clinical severity is well-established in MS,47,48 and it appears

to be invariable regardless of the clinical subtype. Ropele et al4

included 7 patients with PPMS and 7 with secondary-progressive

MS, in addition to 83 with RRMS in their cohort. They identified

the EDSS score as an independent predictor of iron accumulation

in the DGM. However, the results were likely driven by RRMS,

while there were a limited number of patients with PPMS and

SPMS.4 No significant association between conventional MR im-

aging metrics and EDSS has been detected in PPMS, which is

consistent with findings in previous studies.43,49 In RRMS, there

was a correlation between EDSS and conventional MR imaging

parameters, which reflects WM lesions and brain atrophy. The

correlation of EDSS with T1LL was stronger than with T2LL.

These findings are in the line with previous studies23,42,50-55

showing that T1LL and T2LL provide a useful marker for disease

progression and long-term therapeutic effect in RRMS.

To our best knowledge, this is the first study comparing iron

concentration in DGM and its correlations with EDSS score be-

tween PPMS and RRMS subtypes. However, there are some lim-

itations. Our PPMS group was rather small, and no MR imaging

data were collected from the spinal cord, which could also con-

tribute to the explanation of clinical disability. Cross-sectional

FIG 3. The relationship between clinical disability and quantitative susceptibility values in the
putamen and thalamus across PPMS and RRMS groups. X-axes indicate EDSS, while y-axes indicate
quantitative susceptibility values in parts per billion. A positive correlation between EDSS and
putaminal quantitative susceptibility values is present in both the RRMS (A) and PPMS (B) groups.
In the thalamus, a negative correlation between EDSS and quantitative susceptibility is present
only in the RRMS group (C), while no correlation is observed in the PPMS group (D).
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design provides no information regarding the temporal dynamics

of iron accumulation. Future work using a larger PPMS cohort in

a longitudinal setting is needed. Likewise, spinal cord pathology,

iron deposition within WM, and demyelinating lesions should be

the focus of further investigations.

CONCLUSIONS
Our findings support the concept that PPMS is a part of the MS

disease spectrum, not a separate entity. When patients with RRMS

are matched to those with PPMS for age, sex, and EDSS, these

groups do not differ regarding conventional MR imaging metrics.

Decreased susceptibility within the thalamus was the only signif-

icant MR imaging difference between PPMS and RRMS groups,

suggesting different thalamic iron metabolism according to the

underlying MS subtype.

On the other hand, there are significant differences in the ex-

tent of correlation of MR imaging parameters and clinical severity

between PPMS and RRMS subtypes. In RRMS, EDSS is signifi-

cantly associated with conventional parameters and, additionally,

with iron concentration in the striatum. In contrast, no associa-

tion was found in PPMS, except a weak correlation with putami-

nal iron. These findings suggest that different driving forces of

disability take effect in RRMS and PPMS subtypes.
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