
ORIGINAL ARTICLE

https://doi.org/10.1007/s00062-017-0654-0
Clin Neuroradiol (2019) 29:51–64

Cortical and Subcortical Morphometric and Iron Changes in
Relapsing-Remitting Multiple Sclerosis and Their Association with
White Matter T2 Lesion Load

A 3-Tesla Magnetic Resonance Imaging Study

Ali Al-Radaideh1 · Imad Athamneh2 · Hadeel Alabadi2 · Majed Hbahbih3

Received: 14 October 2017 / Accepted: 8 December 2017 / Published online: 3 January 2018
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Introduction This study was carried out to investigate the global and regional morphometric and iron changes in grey
matter (GM) of multiple sclerosis (MS) patients and link them to the white matter (WM) lesions in a multimodal magnetic
resonance imaging approach.
Material andMethods The study involved 30 relapsing-remitting MS (RRMS) patients along with 30 age-matched healthy
controls (HC) who were scanned on a 3T Siemens Trio system. The scanning protocol included a 3D, high resolution T1,
T2, and T2*-weighted sequences. The T1-w images were used in FreeSurfer for cortical reconstruction and volumetric
segmentation, while T2-w images were used to extract the WM T2 lesions; however, iron and magnetic susceptibility were
calculated from the phase data of the T2*-w sequence. Surface-based analyses were performed in FreeSurfer to investigate
the regional cortical morphometric changes and their correlations with the expanded disability status scale (EDSS), WM
T2 lesions load, cortical iron deposition and magnetic susceptibility.
Results Significant differences were detected between the RRMS patients and HC for all cortical and subcortical morpho-
metric changes. The EDSS and T2 lesion load showed weak to moderate correlation with the reduced cortical morphome-
tric measurements, increased cortical magnetic susceptibility and iron concentration. All deep grey matter (dGM) volumes
showed a significant strong positive correlation with the cortical surface area and volume in RRMS patients and HC.
Conclusions Grey matter is very much involved in the RRMS and cortical morphometric changes occur in a non-uniform
pattern and are very likely to be associated with cortical iron deposition and magnetic susceptibility, dGM atrophy, WM
T2 lesion load, and disability.

Keywords Relapsing-remitting multiple sclerosis · Cortical grey matter · Magnetic susceptibility mapping · Iron · Lesion
load
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Introduction

Multiple sclerosis (MS) is an autoimmune disease affect-
ing the central nervous system (CNS), and appears as acute
focal inflammatory demyelination and axonal loss with lim-
ited remyelination, gliosis, and atrophy, and it is mani-
fested as chronic multifocal sclerotic plaques [1]. Most MS
patients begin with a relapsing-remitting (RRMS) course,
with the majority developing a secondary progressive MS
(SPMS) with irreversible disabilities. Conventional mag-
netic resonance imaging (MRI) measurements have uncov-
ered remarkable spatial and temporal information and es-
tablished a framework for the clinical diagnosis and man-
agement of MS. These measures include CNS atrophy and
lesions (T2 hyperintense, T1 hypointense, and gadolinium
enhancement); however, these measures lack the specificity
for the occult (diffuse) disease in normal appearing brain
tissue and thus show a weak correlation with clinical sta-
tus of MS patients [2, 3]. The latter instigated the de-
velopment of new quantitative MRI techniques, such as
diffusion tensor imaging (DTI), magnetic resonance spec-
troscopy (MRS), relaxometry, phase and magnetic suscep-
tibility imaging. Although MS is typically considered as
a white matter (WM) disease due to the more readily de-
tected lesions in the white matter by histopathology and
MRI, the involvement of the cortical and deep grey matter
(GM) in the development of the disease has been confirmed
by different pathological studies [4–8]. Damage has fre-
quently been observed in the cortical grey matter, which can
further explain the physical and cognitive decline in patients
with multiple sclerosis better than white matter abnormal-
ities [9–11]. Grey matter lesions and grey matter atrophy
are presumed to reflect different but interrelated pathologi-
cal processes. Grey matter lesions are characterized by in-
flammatory demyelination and represent the initial phase of
grey matter atrophy. The latter reflects a combination of de-
myelination, neurite transection [12], and reduced synapse
or glial densities [13, 14]. Furthermore, grey matter atrophy
largely contributes to the whole brain atrophy in patients
suffering from MS [15, 16]. Accumulation of brain iron
has been suggested as a biomarker of neurodegeneration
and is considered as one of the most important inducers of
oxidative stress in the brain [17, 18]. The oxidative damage
produced by iron has been implicated in the injury of oligo-
dendrocytes and myelin in MS [19]; therefore, the amount
of iron deposition could reflect the extent of tissue damage.
There is growing evidence of iron accumulation in the deep
grey matter of patients with multiple sclerosis (MS), from
both postmortem and imaging studies of healthy individu-
als and those with neurodegenerative diseases, and it was
found to occur in the earliest stages of the MS disease [20];
however, increased cortical iron deposition has only been
seen in postmortem studies of neurodegenerative diseases

and healthy aging [21–24]. Accurate measurement of corti-
cal iron accumulation in vivo in MS patients is still one of
the main challenges due to the diminutive thickness of the
cortex and its relatively low iron content [25]; however, an
in vivo assessment of the iron content of the cerebral cor-
tex was performed in a group of healthy aging volunteers
using the phase images of T2*-weighted images at ultra-
high field MRI (7 T; [25]). Accurate assessment of cortical
iron accumulation could become a novel biomarker for the
onset and progression of multiple sclerosis and other neu-
rodegenerative diseases. White matter lesion load measure-
ments, on the other hand, have shown generally unreliable
associations with clinical disability in MS urging the use
of composite MRI measurements to link MRI with clinical
information. Combined information on lesions and atrophy
can provide improved longitudinal correlations with physi-
cal disability [24] and MS phenotypes [26]; however, white
matter lesion load has been reported to be the most rele-
vant predictor of the iron deposition in deep grey matter
structures [27].

The aim of the present study was to investigate the global
and regional morphometric (thickness, surface area, and
volume) changes and iron accumulation in the cortical and
subcortical grey matter structures and T2 lesion loads in the
white matter of a group of RRMS patients and their pos-
sible associations by utilizing a combined and multimodal
approach of different quantitative MRI indices.

Materials andMethods

Study Population

A total of 30 patients with RRMS (17 females, 13 males;
mean age 31.27 years; age range 20–53 years) were re-
cruited from the neurology clinic at the Royal Medical
Services (RMS) along with 30 age-matched healthy con-
trols (16 females, 14 males; mean age 32.35 years; age
range 20–54 years). Table 1 summarizes the characteristics
of the two study groups. The present study was approved
by the RMS ethics committee and carried out in accordance
with The Code of Ethics of the World Medical Association
(Declaration of Helsinki). All participants were asked to
sign a consent form and fill out the MRI safety question-
naire before participating in the study. Neurological exam-
inations were carried out by a consultant neurologist who
was qualified to perform the expanded disability status scale
(EDSS) assessments according to the standardized scoring
system in Neurostatus (http://www.neurostatus.net/scoring/
index.php). A functional system (FS) grade was obtained
for each area representing a different function of the cen-
tral nervous system (pyramidal, brain stem, visual, cerebel-
lar, sensory, bowel and bladder, and higher cerebral). The

K

http://www.neurostatus.net/scoring/index.php
http://www.neurostatus.net/scoring/index.php


Cortical and Subcortical Morphometric and Iron Changes in Relapsing-Remitting Multiple Sclerosis and Their Association with White... 53

Table 1 Characteristics of
study controls and relapsing
remitting multiple sclerosis
(RRMS) patients

Subjects RRMS Controls

Number 30 30

Sex (male/female) 13/17 14/16

Age range (years) 20–53 20–54

Mean age ± SD (years) 31.27 ± 10.2 32.35 ± 8.7

EDSS range 0–6.5 –

Mean EDSS ± SD 2.67 ± 2.19 –

Time since diagnosis range (months) 1–179 –

Mean time since diagnosis ± SD (months) 46.03 ± 14.10 –

Number of relapses (range) 1–8 –

Mean number of relapses 2.9 ± 1.42 –

SD standard deviation, EDSS expanded disability status scale

FS scores reflected the degree of disability across all these
areas, as found on the neurological assessment. The final
EDSS score was calculated on the basis of the combined/
summarized FS scores, giving a value of between 0 (normal
examination) and 10 (death due to MS).

Magnetic Resonance Imaging (MRI) Acquisition

Scanning was performed on a 3T Siemens Trio MRI
(Siemens Healthcare, Erlangen, Germany) system. The
imaging protocol included the following imaging se-
quences: high resolution 3D-T1 weighted magnetization
prepared-rapid acquisition gradient echo (MPRAGE) with
0.9mm3 isotropic spatial resolution; reconstruction ma-
trix = 224 × 256; TE = 3.4ms; TR = 1900ms; inversion
time = 900ms; flip angle = 9o; scan time = 5:53min. High
resolution 3D-T2* weighted gradient echo sequence with
1mm3 isotropic spatial resolution, reconstruction matrix =
256 × 256; TE = 20ms; TR = 33ms; flip angle = 15o; scan
time = 5:30min. Both magnitude and phase images were
reconstructed for further analysis. The 3D-T2 weighted
fluid attenuated inversion recovery (FLAIR) with 1mm3

isotropic spatial resolution; reconstruction matrix = 256 ×
256; TE = 390ms; TR = 5000ms; flip angle = 90o; scan
time = 5:52min.

Image Post-Processing and Analysis

Magnetic Susceptibility Mapping and Iron Calculations

Magnetic susceptibility mapping was performed as de-
scribed in a previous publication [20]. In summary, the T2*
weighted magnitude (Fig. 1a) and its corresponding phase
(Fig. 1b) images of each subject were first spatially co-
registered to the high resolution, T1 MPRAGE (Fig. 1g).
The co-registered magnitude and phase images were then
merged into a single volume. From the magnitude data,
a binary mask of the brain was produced in FSL (www.
fmrib.ox.ac.uk/fsl/) and this was applied to the phase data.

Prelude in FMRIB software library (FSL) was used to un-
wrap the resulting phase images within the mask (Fig. 1c).
These phase data were then high-pass filtered to remove the
effects of large-scale background fields, such as those near
the air/tissue boundaries at the sinuses. This was achieved
using a dipole fitting method [28]. After filtering, the phase
data were divided by γB0TE to yield field-shift maps. Sus-
ceptibility maps (Fig. 1d) were then created from these
filtered field maps, using a threshold-based method [28].

The phase values of cerebrospinal fluid (CSF) were used
as a reference for iron calculation because it is assumed
that CSF contains a negligible amount of MR-visible iron
[29]. The phase differences relative to that of the CSF were
converted to iron concentration according to the equation
proposed by Haacke: 0.276 radians of the phase difference
to be equivalent to 240 μg Fe/g tissue [30].

White Matter T2 Lesion Load Calculation

For each patient white matter T2-hyperintense lesion vol-
ume measurements were obtained using a semi-automated
segmentation technique based on the fuzzy connectedness
algorithm [31] in Jim software (Jim version 7; Xinapse
Systems, Essex, England). The T2-weighted FLAIR im-
ages were spatially co-registered to the high-resolution, T1-
weighted MPRAGE images using rigid body registration
with six degrees of freedom in Jim software in order to
make the two volumes dimensionally similar. As part of im-
age co-registration process, T2-FLAIR and T1-MPRAGE
images were first corrected for signal intensity non-unifor-
mity (bias field). The registered T2-FLAIR images were
used to define “seed” points in the center of each MS le-
sion and save them for each patient. Thereafter, T1 and T2-
weighted images, “seed” points, and the lesion prior prob-
ability template image, which was constructed from a large
sample of MS patient scans and implemented into the Jim
software, were loaded and used by the “MS Finder” tool in
Jim to find the MS lesions based on the fuzzy connectedness
algorithm [31]. The total lesion volume was then calculated
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Fig. 1 Processing stream for structural MRI data: amagnitude data, b phase data, c unwrapped filtered phase image, dmagnetic susceptibility map,
e T2-FLAIR image, f 3D rendering of segmented T2-lesions, g high-resolution T1-weighted image, h cortical magnetic susceptibility mapping,
i cortical iron mapping, j cortical thickness mapping, k cortical surface area mapping, l cortical volume mapping andm 3D rendering of segmented
deep grey matter structures

as the sum of all segmented lesion volumes from all slices.
The extracted MS lesions were converted into a mask and
used to extract the magnetic susceptibility and phase values
of these MS lesions from the magnetic susceptibility and
the filtered phase maps, respectively. The lesion phase val-
ues relative to those of CSF were used to estimate the MS
lesion iron concentration [32]. At a later stage, the white
matter lesion masks were used in FSL (www.fmrib.ox.ac.
uk/fsl/) to fill their corresponding white lesions holes using
the intensity of neighboring normal-appearing WM before
feeding the images into the FreeSurfer in order to avoid
bias in tissue automatic segmentation [33].

Cortical Reconstruction and Volumetric Segmentation in
FreeSurfer

Cortical reconstruction and volumetric segmentation were
performed with the FreeSurfer image analysis suite (http://
surfer.nmr.mgh.harvard.edu/). The technical details of these
procedures are described elsewhere [34–36] and involve
segmenting volumetric MRI images into grey, white, and

cerebrospinal fluid. The deep grey matter in each hemi-
sphere is segmented into seven subcortical structures, i.e.
caudate nucleus (CN), putamen (PT), globus pallidus (GP),
thalamus (TH), hippocampus, amygdala, and nucleus ac-
cumbens, followed by the calculation of their volumes.
Thereafter, the cortical grey/white boundary is estimated by
classifying all white matter voxels in an MRI volume and
the surface of the connected white matter voxels is refined
to obtain sub-voxel accuracy of the grey/white boundary.
Furthermore, the pial surface is constructed by outwardly
deforming the white/grey boundary. The FreeSurfer calcu-
lates the cortical thickness as the perpendicular distance
between these two surfaces at each spatial cortical location
and subsequently outputs the areas of each of these surfaces
in mm2. Finally, the cortical surface is parcellated into dis-
crete units based on gyral and sulcal anatomy. All processed
brains images were visually inspected for any topological
defects, geometric inaccuracy due to brain lesions and any
other visible defects. Manual editing for these deficits was
done and the segmentation process was re-started.
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Table 2 Morphometric measurements, magnetic susceptibility, and iron concentration of cortical and subcortical grey matter structures

RRMS Controls

Mean ± SD Mean ± SD p-value

Grey matter morphometric measures

Cortical thickness (mm) 2.277 ± 0.077 2.346 ± 0.105 <0.01

Cortical area (mm2) 0.162 ± 0.019 0.143 ± 0.025 <0.01

Normalized cortical volume 0.366 ± 0.045 0.420 ± 0.062 <0.01

Normalized CN volume 0.006 ± 0.001 0.008 ± 0.001 <0.01

Normalized PT volume 0.008 ± 0.001 0.011 ± 0.002 <0.01

Normalized GP volume 0.002 ± 0.0005 0.003 ± 0.0006 <0.01

Normalized TH volume 0.011 ± 0.002 0.015 ± 0.002 <0.01

Mean magnetic susceptibility ± SD (ppm)

Cortex 0.0044 ± 0.003 0.0043 ± 0.004 –

CN 0.0338 ± 0.013 0.0286 ± 0.008 <0.05

PT 0.0199 ± 0.014 0.0183 ± 0.010 –

GP 0.110 ± 0.024 0.1026 ± 0.028 <0.05

TH 0.0086 ± 0.008 0.0089 ± 0.006 –

Mean iron concentration ± SD (µg)

Cortex 1030.91 ± 496.21 729.86 ± 280.00 <0.01

CN 36.11 ± 10.86 34.03 ± 18.45 –

PT 75.97 ± 20.75 58.30 ± 19.15 <0.01

GP 23.41 ± 11.22 18.02 ± 7.26 <0.05

TH 69.31 ± 23.77 82.23 ± 26.94 <0.05

RRMS relapsing-remitting multiple sclerosis, SD standard deviation, CN caudate nucleus, PT putamen, GP globus pallidus, TH thalamus, ppm parts
per million

Table 3 Pearson’s correlation of the EDSS, time since diagnosis with some cortical and subcortical grey and white matter measurements in MS
patients

EDSS Time since diagnosis (months)

r p-value r p-value

Cortical thickness (mm) –0.466 <0.01 –0.290 –

Cortical area (mm2) –0.126 <0.05 –0.085 –

Normalized cortical volume –0.252 <0.05 –0.173 –

Normalized CN volume –0.148 – –0.002 –

Normalized PT volume –0.267 – –0.184 –

Normalized GP volume –0.134 – –0.170 –

Normalized TH volume –0.290 – –0.270 –

Magnetic susceptibility of the cortical ribbon (ppm) 0.436 <0.01 –0.133 –

Magnetic susceptibility of the CN (ppm) 0.213 – 0.014 –

Magnetic susceptibility of the PT (ppm) 0.331 <0.05 0.242 –

Magnetic susceptibility of the GP (ppm) 0.129 – 0.323 <0.05

Magnetic susceptibility of the TH (ppm) 0.045 – 0.223 –

Iron concentration of the cortical ribbon (ppm) 0.343 <0.05 –0.140 –

Iron concentration of the CN (µg) 0.442 <0.01 0.452 <0.01

Iron concentration of the PT (µg) 0.029 – 0.078 –

Iron concentration of the GP (µg) 0.006 – –0.019 –

Iron concentration of the TH (µg) 0.183 – –0.027 –

T2 lesion load (mm3) 0.363 <0.05 0.192 –

Magnetic susceptibility of T2 lesions (ppm) 0.009 – 0.292 –

Iron concentration of T2 lesions (µg) 0.427 <0.05 0.295 –

EDSS expanded disability status scale, DD disease duration, CN caudate nucleus, PT putamen, GP globus pallidus, TH thalamus, ppm parts per
million
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To extract the cortical grey matter, subcortical white mat-
ter, and deep grey matter structures from other quantita-
tive maps (magnetic susceptibility, filtered phase, and iron
maps), the FreeSurfer-segmented left and right cortices (rib-
bons), and deep grey matter structures were mapped (con-
verted) from the conformed FreeSurfer space to the na-
tive anatomical space “rawavg” space. Furthermore, each
of these segmented structures was thresholded (using the
structure’s label value provided in the FreeSurfer’s Look-
Up-Table, LUT) and binarized to extract the corresponding
anatomy from the magnetic susceptibility, filtered phase,
and iron maps.

Statistical Analyses

All statistical analyses were performed in SPSS 22 (SPSS,
Chicago, IL). Differences between patients and controls
were assessed using independent samples t-test. Correla-
tion coefficients were calculated using Pearson’s correla-
tion. For the surface-based analyses, a general linear model
was fitted at each vertex, using cortical thickness, surface
area and volume as dependent variables. Cortical maps
were smoothed using a 10mm full width at half maximum
(FWHM) Gaussian kernel. The general linear model was
computed vertex by vertex for each hemisphere. The differ-
ences between patients and controls were investigated using
gender and age as covariates. Corresponding surface anal-
yses were done for each hemisphere for the associations
between each cortical measure (thickness, surface area, and
volume) and the EDSS, T2 lesion load, cortical magnetic
susceptibility, and cortical iron concentration using a gen-
eral linear model. Results were corrected for multiple com-
parisons using Z Monte Carlo simulation, with a threshold
of p < 0.05 and 10,000 iterations, to provide cluster-wise
correction for multiple comparisons across the surface.

Results

Table 2 shows that there were statistically significant (p <
0.01) differences between RRMS patients and healthy con-
trols when they were compared for the mean cortical thick-
ness, cortical surface area, iron concentration in the cortex
and putamen, normalized cortical and subcortical grey mat-
ter (CN, PT, GP, and TH) volumes. Furthermore, the mean
magnetic susceptibility in the CN and GP, as well as the iron
concentration in the GP and TH were significantly different
at p < 0.05 (Fig. 2). The statistically significant (p < 0.05)
regional differences between RRMS patients and healthy
controls for the cortical thickness, surface area and volume
is demonstrated in Fig. 3. Regional differences in cortical
thickness were found in the superior-parietal, superior-tem-
poral, supra-marginal, middle-temporal regions of the left

hemisphere. No significant regional differences were ob-
served in cortical thickness between RRMS patients and
healthy controls in any region of the right hemisphere. For
the cortical surface area, the postcentral, inferior-parietal,
rostral-middle-frontal, lateral-occipital regions of the left
hemisphere were identified to show a statistically signifi-
cant difference between RRMS patients and healthy con-
trols with the patients having a smaller cortical surface area
in these regions; however, only the superior-parietal region
of the right hemisphere of the RRMS patients showed a
statistically significant reduction in cortical surface area
compared to those of healthy controls. Furthermore, dif-
ferent cortical regions in the left hemisphere showed a sta-
tistically significant reduction in the cortical volume of the
RRMS patients when compared to those of the healthy con-
trols. These include the postcentral, rostral-middle-frontal,
lateral-occipital, inferior-parietal regions of the left hemi-
sphere. Similar to the cortical area, only the superior-pari-
etal region of the right hemisphere of the RRMS patients
showed a statistically significant reduction in the cortical
volume compared to healthy controls.

Findings illustrated in Table 3 revealed that EDSS had
significant weak to moderate positive correlation with the
mean magnetic susceptibility in the cortex (r = 0.436, p <
0.01) and putamen (r = 0.331, p < 0.05), and with mean iron
concentration in the cortex (r = 0.343, p < 0.05), caudate
nucleus (r = 0.442, p < 0.01), and T2 lesions (r = 0.427,
p < 0.05). In addition, the EDSS scores showed a signifi-
cant weak to moderate positive correlation with the white
matter T2 lesion load (r = 0.363, p < 0.05). In contrast,
EDSS scores had a significant weak to moderate negative
correlation with the mean cortical thickness (r = –0.466, p <
0.01), cortical surface area (r = –0.126, p < 0.05), and cor-
tical volume (r = –0.252, p < 0.05). Fig. 4 shows different
cortical regions where the EDSS scores were significantly
associated with reduced cortical thickness, cortical surface
area, and cortical volume. Time since diagnosis showed
a statistically significant weak to moderate positive corre-
lation with the mean magnetic susceptibility in the globus
pallidus (r = 0.323, p < 0.05), and iron concentration in the
cortex (r = 0.452, p < 0.01).

Results in Table 4 revealed that all deep grey matter
(CN, PT, GP, and TH) normalized volumes showed statisti-
cally significant (p < 0.01) strong positive correlation with
the cortical surface area and volume in RRMS patients and
healthy controls. Furthermore, cortical surface area of the
RRMS patients had a significant negative correlation with
the lesion load (r = –0.208, p < 0.05) and mean magnetic
susceptibility of the cortex (r = –0.408, p < 0.05), while that
of the healthy controls showed a significant negative corre-
lation with the mean magnetic susceptibility of the cortex
(r = –0.362, p < 0.05), thalamus (r = –0.452, p < 0.05),
and the iron concentration in the GP (r = –0.476, p < 0.01).
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Fig. 2 Differences in the mag-
netic susceptibility (a, b) and
iron concentration (c, d) of
subcortical and cortical grey
matter relative to the CSF, for all
subjects in both study groups

Fig. 3 Between-group surface-based differences in cortical thickness (first row), surface area (second row), and volume (third row). Highlighted
colors represent regions (clusters of voxels) with statistically significant reduction in cortical thickness, area or volume in MS patients compared
to healthy controls. The highlighted regions in the first row (cortical thickness) are: 1 superior-parietal, 2 superior-temporal, 3 supra-marginal,
4 middle temporal of the left hemisphere. The highlighted regions in the second row (cortical area) are: 1 post-central, 2 inferior-parietal, 3
rostral middle frontal, 4 lateral-occipital of the left hemisphere, and only one highlighted region (1 superior-parietal) of the right hemisphere. The
highlighted regions in the third row (cortical volume) are: 1 post-central, 2 rostral middle frontal, 3 lateral-occipital, 4 inferior-parietal of the left
hemisphere, and only one highlighted region (1 superior-parietal) of the right hemisphere. Results were obtained using Monte Carlo simulation,
with a threshold of p < 0.05, to provide cluster-wise correction for multiple comparisons
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Table 4 Pearson’s correlations of the cortical thickness, surface area, and volume with different measures in MS patients and healthy controls

RRMS Controls

Cortical thick-
ness (mm)

Cortical area
(mm2)

Normalized cor-
tical volume

Cortical thick-
ness (mm)

Cortical area
(mm2)

Normalized corti-
cal volume

r p r p r p r p r p r p

Age (years) –0.75 <0.01 –0.149 – –0.331 – –0.240 – –0.165 – –0.257 –

EDSS –0.466 <0.01 –0.126 <0.05 –0.252 <0.05 – – – – – –

Time since
diagnosis
(months)

–0.290 – –0.085 – –0.173 – – – – – – –

Cortical sus-
ceptibility
(ppm)

–0.113 <0.05 –0.408 <0.05 –0.410 <0.05 –0.297 – –0.362 <0.05 –0.312 –

CN susceptibil-
ity (ppm)

–0.055 – –0.08 – –0.044 – –0.07 – –0.164 – –0.208 –

PT susceptibil-
ity (ppm)

–0.411 <0.05 –0.139 – –0.287 – –0.341 – –0.104 – –0.019 –

GP Suscepti-
bility (ppm)

–0.160 – –0.065 – –0.051 – –0.206 – –0.164 – –0.251 –

TH susceptibil-
ity (ppm)

–0.116 – –0.125 – –0.190 – –0.290 – –0.452 <0.05 –0.395 <0.05

Cortical iron
(µg)

–0.430 <0.05 –0.328 – –0.304 – –0.034 – –0.002 – –0.012 –

CN iron (µg) –0.282 – –0.298 – –0.386 <0.05 –0.171 – –0.052 – –0.009 –

PT iron (µg) –0.038 – –0.095 – –0.068 – –0.245 – –0.093 – –0.03 –

GP iron (µg) –0.191 – –0.060 – –0.01 – –0.007 – –0.476 <0.01 –0.531 <0.01

TH iron (µg) –0.213 – –0.229 – –0.3 – –0.243 – –0.146 – –0.117 –

Normalized
CN volume

0.034 – 0.782 <0.01 0.824 <0.01 0.206 – 0.787 <0.01 0.780 <0.01

Normalized PT
volume

0.074 – 0.84 <0.01 0.873 <0.01 0.350 – 0.848 <0.01 0.816 <0.01

Normalized GP
volume

0.019 – 0.878 <0.01 0.893 <0.01 0.138 – 0.828 <0.01 0.863 <0.01

Normalized
TH volume

0.097 – 0.903 <0.01 0.938 <0.01 0.269 – 0.923 <0.01 0.902 <0.01

T2 lesion Load
(mm3)

–0.294 <0.05 –0.208 <0.05 –0.245 <0.05 – – – – – –

T2 lesion mag-
netic suscepti-
bility (ppm)

–0.255 – –0.162 – –0.069 – – – – – – –

T2 lesion iron
(µg)

–0.342 – –0.24 – –0.303 – – – – – – –

CN caudate nucleus, PT putamen, GP globus pallidus, TH thalamus

On the other hand, cortical volume of the RRMS patients
had a significant negative correlation with the lesion load
(r = –0.245, p < 0.05), mean magnetic susceptibility of the
cortex (r = –0.410, p < 0.05), and iron concentration in the
caudate nucleus (r = –0.386, p < 0.05), while it revealed
a significant negative correlation with the mean magnetic
susceptibility of the thalamus (r = –0.395, p < 0.05), and
iron concentration in the globus pallidus (r = –0.531, p <
0.01) in healthy controls. For the cortical thickness, it had
significant negative correlations with the age (r = –0.75, p <
0.01), lesion T2 load (r = –0.294, p < 0.05), mean magnetic
susceptibility of the cortex (r = –0.113, p < 0.05), putamen

(r = –0.411, p < 0.05) and iron concentration in the cortex
(r = –0.430, p < 0.05) in RRMS patients only. Different cor-
tical regions showed a significant association between the
magnetic susceptibility and the reduced cortical thickness,
cortical surface area, and cortical volume as shown in Fig.
S1 (Online Resource 1). Furthermore, only the reduced cor-
tical thickness was found to associate with the cortical iron
concentration as shown in Fig. S2 (Online Resource 1).

Table 5 revealed that white matter T2 lesion load had
a significant (p < 0.05) weak to moderate negative corre-
lation with the normalized cortical (r = –0.245), putamen
(r = –0.408), globus pallidus (r = –0.410) and thalamus (r =
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Fig. 4 Regions of statistically significant correlations of EDSS with cortical thickness (first row), surface area (second row), and volume (third
row). The highlighted regions in the first row (cortical thickness) are: 1 caudal-middle-frontal, 2 pre-central, 3 inferior-temporal, 4 pre-central, 5
superior-temporal, 6 rostral-middle-frontal, 7 fusiform, 8 superior-frontal of the left hemisphere, and 1middle temporal, 2 insula, 3 superior-frontal,
4 rostral middle frontal, 5 fusiform, 6 pars triangularis, 7 superior-temporal, 8 precuneus, 9 superior-parietal, 10 rostral middle frontal of the right
hemisphere. The highlighted regions in the second row (cortical area) are: 1 temporal pole, 2 superior-frontal, 3 lingual of the left hemisphere,
and 1 inferior-parietal, 2 precentral, 3 inferior-parietal of the right hemisphere. The highlighted regions in the third row (cortical volume) are: 1
middle temporal, 2 superior-temporal, 3 lingual, 4 superior-frontal, and 1 inferior-parietal, 2 superior-frontal, 3 precentral, 4 superior-parietal, 5
superior-frontal, 6 precentral of the right hemisphere. Results were obtained using Monte Carlo simulation, with a threshold of p < 0.05, to provide
cluster-wise correction for multiple comparisons

–0.407) volumes. Fig. 5 shows that the reduced cortical
thickness, cortical surface area and volume were associated
with the lesion load in different cortical areas. Furthermore,
white matter T2 lesion load showed a significant weak to
moderate positive correlation with the mean magnetic sus-
ceptibility in the cortex (r = 0.648, p < 0.01) globus pallidus
(r = 0.318, p < 0.05) and iron concentration in the cortex
(r = 0.488, p < 0.01).

Discussion

In the present study, global and regional morphometric
(thickness, surface area, and volume) changes and iron ac-
cumulation in the cortical and subcortical grey matter struc-
tures were investigated and compared between a group of
RRMS patients and age-matched healthy controls and tested
for any possible associations within each group of subjects.

In RRMS patients, white matter T2 lesion load, EDSS, and
time since diagnosis were also tested for any possible as-
sociation with all morphometric, iron and magnetic sus-
ceptibility values measured in the cortex, deep grey matter
structures and white matter T2 lesions. In addition, sur-
face-based analyses were performed in FreeSurfer for each
hemisphere in both groups of subjects to look at the spatial
distribution of cortical morphometric, magnetic suscepti-
bility and iron changes. Findings from the present study
showed that there were statistically significant differences
between the RRMS patients and age-matched healthy con-
trols for cortical thickness, surface area and volume. It was
obvious that cortical thicknesses of the parietal (superior-
parietal and supramarginal gyri) and temporal (superior-
temporal and middle-temporal gyri) lobes of the left hemi-
sphere were significantly thinner in RRMS as compared to
healthy controls. These findings are partly similar to those
reported in other studies [37–40] in which thickness dif-
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Table 5 Pearson’s correlations
of the T2 lesions load with the
morphometric measurements of
the cortical and subcortical grey
matter, magnetic susceptibility
and iron concentration in RRMS
patients

r p-value

Cortical thickness (mm) –0.294 <0.05

Cortical area (mm2) –0.208 <0.05

Normalized cortical volume –0.245 <0.05

Normalized CN volume –0.194 –

Normalized PT volume –0.408 <0.05

Normalized GP volume –0.410 <0.05

Normalized TH volume –0.407 <0.05

Magnetic susceptibility of the cortical ribbon (ppm) 0.648 <0.01

Magnetic susceptibility of the CN (ppm) 0.084 –

Magnetic susceptibility of the PT (ppm) 0.110 –

Magnetic susceptibility of the GP (ppm) 0.318 <0.05

Magnetic susceptibility of the TH (ppm) 0.032 –

Iron concentration of the cortical ribbon (µg) 0.488 <0.01

Iron concentration of the CN (µg) 0.262 –

Iron concentration of the PT (µg) 0.200 –

Iron concentration of the GP (µg) 0.007 –

Iron concentration of the TH (µg) 0.258 –

RRMS relapsing-remitting multiple sclerosis, CN caudate nucleus, PT putamen, GP globus pallidus, TH tha-
lamus, ppm parts per million

ferences were larger and more widespread to include the
occipital and frontal lobes as well [37–40]. Interestingly,
cortical surface areas of the parietal (postcentral and in-
ferior-parietal gyri), frontal (rostral-middle-frontal gyrus)
and occipital (lateral-occipital gyrus) lobes of the left hemi-
sphere, as well as the parietal (superior-parietal gyrus) lobe
of the right hemisphere of the RRMS patients were found
to be reduced when compared to those in healthy controls.
To our knowledge, only two studies have previously evalu-
ated the cortical surface area in MS [40, 41] and only one
found significant differences in single hemisphere surface
area between MS patients and healthy controls [41]. Results
from the current study also showed a significant decrease
in cortical volume in the parietal (postcentral and inferior-
parietal gyri), frontal (rostral-middle-frontal), and occipital
(lateral-occipital) lobes of the left hemisphere, as well as the
parietal (superior-parietal) lobe of the right hemisphere of
the RRMS patients as compared to healthy controls. These
regions were different from those found by Nygaard et al.
[40], as they found volume differences in the pre-central,
post-central, in the superior parietal regions bilaterally, and
in the superior and orbital frontal regions of the left hemi-
sphere. In a study by Charil et al. [42], it was found that
loss of cortical volume in MS does not occur in a uniform
pattern, and it is seen more often in specific regions such
as the cingulate gyrus and insular regions.

In this study, volumetric measurements of the deep grey
matter structures (caudate nucleus, putamen, globus pal-
lidus, and thalamus) of the RRMS revealed a significant at-
rophy when compared to those of the age-matched healthy
controls. These findings are in agreement with those re-

ported in a recent study by Datta et al. [43]. Furthermore,
volumetric measurements in the present study showed that
deep grey matter volumes were significantly associated with
morphometric changes in the cortical thickness, surface area
and volume, revealing a strong connection between the cor-
tical and subcortical grey matter atrophy. The cortical and
subcortical morphometric changes reported in this study
show that the grey matter is very much involved in the MS
disease process and substantial neurodegeneration is under-
gone during the relapsing-remitting phase of the disease.
Our findings showed a significant weak to moderate corre-
lation between the cerebral cortex atrophy and the EDSS,
a method of quantifying disability in MS. No association
was detected between any of the volumetric changes in the
deep grey matter and the EDSS. Filippi et al. found that
clinical disability is associated more with cortical pathol-
ogy than with T2-lesions or normal appearing white matter
[44]. Furthermore, it was also reported that MS progression
was associated with cortical atrophy and subcortical grey
matter changes [45, 46].

In RRMS patients, the caudate nucleus and globus pal-
lidus were the only two deep grey matter structures studied
that had significantly increased magnetic susceptibility, as
assessed by MR susceptibility mapping, as compared to the
healthy control subjects. No significant increase in the mag-
netic susceptibility in the cortex of the RRMS patients was
observed. Iron concentration, on the other hand, was derived
from the phase shift in each of these grey matter regions
(cortical and subcortical) relative to the mean phase value
of the CSF according to the equation proposed by Haacke
et al. [30]. With the exception of the caudate nucleus, a sig-
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Fig. 5 Regions of statistically significant correlations of Lesion Load with cortical thickness (first row), area (second row), and volume (third row).
The highlighted regions in the first row (cortical thickness) are: 1 precuneus, 2 middle-temporal, 3 superior-temporal, 4 lateral-occipital of the left
hemisphere, and 1 inferior-parietal, 2 lateral-orbitofrontal, 3 bankssts (banks of the superior temporal sulcus), 4 bankssts, 5 inferior-parietal, 6
inferior-temporal, 7 caudal middle frontal of the right hemisphere. The highlighted regions in the second row (cortical area) are: 1 supra-marginal,
2 lingual, 3 middle temporal, 4 precuneus of left hemisphere, and only one highlighted region (1 middle temporal) of the right hemisphere. The
highlighted regions in the third row (cortical volume) are: 1 supra-marginal, 2 superior-frontal, 3 isthmus of cingulate, 4 superior-temporal, 5
lingual of the left hemisphere, and 1 post-central, 2 inferior-parietal, 3 middle temporal of the right hemisphere. Results were obtained using
Monte Carlo simulation, with a threshold of p < 0.05, to provide cluster-wise correction for multiple comparisons

nificant increase was observed in the cerebral cortex and all
other deep grey matter regions studied. This suggested that
iron accumulation occurred in the cerebral cortex and most
dGM regions in the relapsing-remitting phase of demyeli-
nating disease or even earlier as reported previously [20].
These findings are in agreement with those reported in some
previous studies [47–49]; however, it is known that phase
images are distorted by a non-local relationship between
the underlying susceptibility distribution and the resulting
field perturbation, which gives rise to the phase shifts [28]
and this non-local relationship can be corrected by using
quantitative susceptibility mapping (QSM) techniques. In
addition, the phase is known to be very sensitive to subtle
changes in the magnetic or frequency shift and thus very
sensitive to very low concentrations of iron content, but it
underestimates iron content due to the phase aliasing, that
occurs when iron concentration is too high [32]. It should
also be noted that although tissue susceptibility and phase
shift are likely to be dominated by iron in these structures,

the susceptibility of tissue depends on more than just the
iron content. It has been shown that susceptibility offset
is highly dependent on the underlying orientation of nerve
fibers relative to the main magnetic field (B0) [50]. In ad-
dition, findings in this study showed a significant inverse
weak to moderate association between the cortical morpho-
metric changes and the cortical magnetic susceptibility. The
surface-based analysis showed that the reduction in cortical
thickness in some cortical regions in the left hemisphere (in-
sula, isthmus cingulate, middle-temporal, postcentral, tem-
poral pole) and the right hemisphere (superior-parietal, and
lateral-orbitofrontal) were significantly associated with the
increased magnetic susceptibility in these regions; however,
the reduction of both cortical surface area and volume of the
precuneus and inferior-parietal cortical regions of the left
hemisphere was negatively associated with the increased
magnetic susceptibility. On the other hand, only the cortical
thickness showed a significant inverse moderate correlation
with the iron concentration in the cerebral cortex and such
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association was localized to the superior-frontal gyrus of
the left hemisphere, and the rostral-anterior-cingulate, ros-
tral-middle-frontal, and rostral-middle-frontal of the right
hemisphere. No significant correlation was found between
any of the cortical morphometric measures and the mag-
netic susceptibility or iron concentration in the T2 lesions
suggesting either different pathological processes that lead
to iron deposition in these lesions or a different rate of iron
deposition from that in the cortical grey matter. Iron con-
centration measured in the cerebral cortex, caudate nucleus
and white matter lesions, as well as the magnetic suscep-
tibility measured in the cerebral cortex and the putamen,
showed moderate positive correlation with the EDSS.

It was obvious that white matter T2 lesion load showed
significant weak to moderate negative association with
the morphometric measurements used in this study in all
cortical and subcortical grey matter regions except for
the caudate nucleus. The negative association between
the T2 lesion load and cortical thickness was localized
to the parietal (precuneus), temporal (middle-temporal,
superior-temporal, and cortical areas around superior tem-
poral sulcus), and occipital (lateral-occipital) lobes of the
left hemisphere, and the frontal (lateral-orbitofrontal and
caudal-middle-frontal), parietal (inferior-parietal and in-
ferior-parietal), and temporal (inferior-temporal) lobes of
the right hemisphere. Similarly, the parietal (precuneus,
supramarginal), temporal (middle-temporal), and occipital
(lingual) lobes of the left hemisphere, and the tempo-
ral (middle-temporal) lobe of the right hemisphere showed
a negative association with the T2 lesion load.; however, the
association between the lesion load and cortical volume was
restricted to some regions within the left hemisphere (supe-
rior-frontal, supramarginal, superior-temporal, lingual, and
isthmus cingulate) and the right hemisphere (postcentral,
inferior-parietal, middle-temporal) of the RRMS patients.
Furthermore, a positive correlation between the white mat-
ter T2 lesion load and iron concentration in the cerebral
cortex is another important finding in this study. Except for
the globus pallidus, no significant association was found
between either the magnetic susceptibility or the iron de-
position in the dGM structures and the T2 lesion load.
These results do not agree with previous findings by Raz
et al. [27]. Our findings also showed a significant moderate
association between the lesion load and the EDSS. These
findings together reveal that white matter T2 lesion load
is associated with the grey matter atrophy, disability, and
cortical iron, and they are in agreement with previously
reported results by Charil et al. as they found a significant
association between the mean cortical thickness, lesion
load and the EDSS [42].

To our knowledge, this is the first study to assess the iron
deposition in the cerebral cortex in RRMS patients in vivo.
The increased cortical iron deposition has only been seen

in postmortem studies of neurodegenerative diseases and
healthy aging [21–24], and only one in vivo study of cere-
bral iron deposition was performed in a group of healthy
aging volunteers [25]. This was attributed to the complexity
of cortical ribbon and its relatively low iron content.

The results of the present work showed that cortical grey
matter changes tend to occur preferentially in the left hemi-
sphere of the MS brains of the present study. Although the
majority of studies did not directly evaluate the presence
of asymmetry in hemispheric involvement in the MS dis-
ease, some studies showed a preferential cortical left-sided
GM loss in RRMS patients [51, 52], and this finding was
confirmed by the lateralization index (LI), a quantification
measure of the hemisphere asymmetry [53]. These studies
suggest that the left hemisphere might be more suscepti-
ble to the accumulation of damage. The left hemisphere is
dominant for both the language and handedness in the ma-
jority of right-handed subjects, and this may partially ex-
plain the preferential cortical left-sided GM changes in the
present study, as the majority of our patients (26/30) were
right-handed. One possible explanation for the asymmet-
ric involvement of left hemisphere in cortical grey matter
changes is the high susceptibility of the left hemisphere to
neural and metabolic dysfunction, which might be attributed
to its overuse in the right-handed subjects.

To the best of our knowledge, this is the first study to in-
vestigate the cortical and subcortical grey matter in a multi-
parametric approach using a composite from a combination
of MRI measures (cortical and subcortical morphometric
measurements, iron deposition and magnetic susceptibil-
ity), and to link these grey matter measures to the white
matter T2 lesion load to capture different aspects of the MS
disease during the relapsing-remitting phase. Furthermore,
it is the first study to assess the cortical iron in RRMS
patients, as the increased cortical iron deposition has only
been seen in postmortem studies of neurodegenerative dis-
eases and healthy aging [21–24], and in vivo in a group
of healthy aging subjects using the phase images of T2*-
weighted images at ultra-high field MRI (7 T; [25]). This
was attributed to the complexity of cortical ribbon and its
relatively low iron content; however, the main limitation of
the current study was the relatively small sample size. So,
additional studies with a larger number of RRMS patients
and more MS phenotypes, such as primary and secondary
progressive MS are required to validate these findings.

In conclusion, cortical and subcortical grey matter is
very much involved in the MS disease process and quite
substantial neurodegeneration is undergone during the re-
lapsing-remitting phase of the disease. In addition, cortical
morphometric changes occur in a non-uniform pattern and
are very likely to be associated with cortical iron deposi-
tion and magnetic susceptibility, dGM atrophy, white matter
T2 lesion load, and disability.
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