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Increased iron accumulation occurs

in the earliest stages of demyelinating
disease: an ultra-high field susceptibility
mapping study in Clinically Isolated
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Abstract

Objective: To determine, using ultra-high field magnetic resonance imaging (MRI), whether changes in iron content
occur in the earliest phases of demyelinating disease, by quantifying the magnetic susceptibility of deep grey matter
structures in patients with Clinically Isolated Syndrome (CIS) that is suggestive of multiple sclerosis (MS), as compared
with age-matched healthy subjects.

Methods: We compared |9 CIS patients to 20 age-matched, healthy controls. Scanning of the study subjects was
performed on a 7T Philips Achieva system, using a 3-dimensional, T2*-weighted gradient echo acquisition. Phase data
were first high-pass filtered, using a dipole fitting method, and then inverted to produce magnetic susceptibility maps.
Region of interest (ROI) analysis was used to estimate magnetic susceptibility values for deep grey matter structures
(caudate nucleus, putamen, globus pallidus, the thalamus and its pulvinar).

Results: Significantly increased relative susceptibilities were found in the CIS group, compared with controls, for the
caudate nucleus (p = <0.01), putamen (p < 0.01), globus pallidus (p < 0.01) and pulvinar (p < 0.05). We found no significant
nor consistent trends in the relationship between susceptibility and age for either the study controls or CIS patients, in
any ROI (r2 < 0.5; p > 0.05). In CIS patients, the time elapsed since the clinical event and the Expanded Disability Status
Scale (EDSS) scores were not correlated with iron levels in any ROI (12 < 0.5; p > 0.05); however, a moderate correlation
(2 =0.3; p < 0.01) was found between the T1 lesion load and the mean susceptibility of the caudate nucleus.
Conclusion: CIS patients showed an increased iron accumulation, as measured using susceptibility mapping of the deep
grey matter, suggesting that iron changes did occur at the earlier stages of CIS disease.
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There is growing evidence of iron accumulation in the deep
grey matter of patients with multiple sclerosis (MS), from
both in vivo magnetic resonance imaging (MRI) and histo-
pathological studies,! but it is not clear how early in the
disease these changes occur. Our study addresses this ques-

tion by taking advantage of the unique ability of ultra-high
field (7T) MRI to detect iron deposition in the CNS, to
assess iron concentration in the deep grey matter of patients
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Table |. Characteristics of study controls and the subjects with CIS.

Subjects Controls CIS patients

N 20 19

Sex (F/M) 7/13 10/9

Mean age + SD (years) 346 £ 94 36.63 £ 89

Age range( years) 21-58 22-53

Mean EDSS score * SD 1.74 £ 0.9

EDSS range 0-3.5

Mean disease duration + SD (years) 1.45 + .22

Disease duration range (years) 0.42-4.67

Mean susceptibility £ SD p-value
Caudate nucleus (ppm) 0.085 £ 0.016 0.102 £ 0.02 p <0.01
Putamen (ppm) 0.081 £ 0.016 0.096 £ 0.015 p <0.05
Globus pallidus (ppm) 0.118 £ 0.024 0.136 £ 0.024 p <0.01
Thalamus (ppm) 0.053 £ 0.009 0.053 £ 0.008

Pulvinar (ppm) 0.077 £ 0.013 0.090 £ 0.017

CIS: Clinically Isolated Syndrome; EDSS: Expanded Disability Status Scale; F: female; M: male; N: number of subjects; ppm: parts per million

having Clinically Isolated Syndrome (CIS) that is sugges-
tive of MS.

Many magnetic resonance (MR) parameters are sensi-
tive to iron deposition, in particular T2 and T2*,>7 but T2
and T2* are also affected by other factors that are altered
in MS, including myelination and inflammation. A recent
study by Antonia et al.® compared the iron deposition in
deep grey matter structures in CIS patients and age-
matched healthy subjects, using a T2 hypointensity tech-
nique at 1.5T; and concluding that T2 hypointensity is
found in CIS patients when compared to age-matched
healthy controls, but that it was limited to the head of the
caudate nucleus.

The change in magnetic susceptibility of a tissue due
to iron accumulation causes field shifts that can be
detected on phase images, which are more directly related
to iron concentration than the relaxation times.
Susceptibility-Weighted Imaging (SWI) combines T2*
and phase information, increasing the sensitivity to
iron;*1% however, phase and susceptibility-weighted
images are both distorted by a non-local relationship
between the underlying susceptibility distribution and the
resulting field perturbation, which gives rise to the phase
shifts.!'-13 Recently, quantitative susceptibility mapping
techniques were developed that correct for this non-local
relationship.!-1¢ The field shifts due to magnetic suscep-
tibility perturbations scale with field strength, making
high-field imaging particularly sensitive for susceptibil-
ity mapping.

The aim of this study was to determine whether changes
in iron content could be detected in the earliest phases of
demyelinating disease, by employing ultra-high field MRI
to quantify the magnetic susceptibility of deep grey matter
structures in patients with CIS suggestive of MS, as com-
pared to age-matched healthy subjects.

Materials and methods
Subjects

We recruited 20 patients with CIS (11 females, 9 males;
mean age 36.6 years; age range 22—53) from Nottingham
University Hospital, along with 20 age-matched healthy
controls (7 females, 13 males; mean age 34.6 years; age
range 21-58). One of the CIS patients’ images showed sig-
nificant motion artifact, so they could not be used in this
study. Both groups gave informed consent. Table 1 sum-
marises the characteristics of the two study groups.
Neurological examinations were carried out by a doctor
who was qualified to perform the Expanded Disability
Status Scale (EDSS) assessments!? according to the stand-
ardised scoring system in Neurostatus (http://www.neuro-
status.net/scoring/index.php).

The patients were recruited prospectively, following
their presentation with a CIS suggestive of MS, with symp-
toms not attributable to any other condition. One presented
predominantly with spinal cord syndrome, eight with optic
neuritis, three with an isolated brainstem syndrome and the
rest with mixed central nervous system symptoms. Less
than 1 month prior to the date of their scan, no patients
received steroids nor were treated with disease-modifying
therapy. Imaging was performed at a median of 11 months
from the time of presentation (range, 7-56 months). Study
subjects’ conversion to clinically definite MS by the end of
the first follow-up period was determined on the basis of
clinical assessment, review of hospital notes and/or the pres-
ence of new demyelinating lesions upon follow-up imaging.

Of the 13 CIS who converted to MS, eight patients dem-
onstrated radiological conversion without reporting new
clinical symptoms. Converted and non-converted patients
shared a median EDSS of 1.5 at baseline, with the con-
verted group having an EDSS range of 1.0-3.5 as compared
with 0-2.0 in the non-converted group, a difference that
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Figure 1. Output of this study’s image-processing steps. (a) Magnitude data; (b) phase data; (c) unwrapped phase image; (d)
unwrapped, filtered phase image; (e) susceptibility map;and (f) susceptibility map with all the ROls drawn on it (red: caudate nucleus;
green: putamen; blue: globus pallidus; purple: internal capsule; orange: thalamus and dark red: pulvinar).

was not statistically significant. The average age of patients
who converted was slightly higher than the non-converted
(38.9 years vs 31.2 years); however, this difference was
also not statistically significant.

The subjects formed part of a longitudinal study of deep
grey matter changes in CIS. We wanted to determine
whether iron changes in their deep grey matter structures,
in images obtained at baseline, would predict the likelihood
of clinical or radiological conversion to MS between the
baseline and the 1-year follow-up. Our study was approved
by the Nottingham Research Ethics Committee and the
University of Nottingham Research Ethics Committee (for
patients and healthy controls, respectively).

MRI data acquisition

MRI scanning was performed on a 7T Philips Achieva
system, equipped with a 16-channel receiving coil and a
head-only volume transmitting coil. A 3-dimensional,
T2*-weighted gradient echo sequence was acquired
with the following settings: TR = 150 ms, TE = 20 ms,
flip angle = 14°, SENSitivity Encoding (SENSE) factor
= 2, Echo Planar Imaging (EPI) factor = 3, number of

excitations = 1 and imaging time = 8.5 minutes. We
acquired 200 transverse slices parallel to the Anterior
Commissure -Posterior Commissure (AC-PC) line, in
four interleaved stacks (with 5 mm overlap between
each adjacent stack), to achieve a whole-head coverage
with a relatively long TR. The spatial coverage was 192
x 164 x 25 mm per stack, with 0.5 mm isotropic voxel
size.

Data processing and image analysis

For each subject, the four stacks of T2* weighted magni-
tude (Figure 1(a)) and its corresponding phase (Figure
1(b)), images were 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 unwrap the resulting phase images within the
mask (Figure 1(c)). These phase data were then high-pass
filtered (Figure 1(d)) to remove the effects of large-scale
background fields, for instance, near the air/tissue bounda-
ries at the sinuses. This was achieved using a dipole fitting
method.!!
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After filtering, the phase data were divided by YB,TE to
yield field-shift maps. Susceptibility maps (Figure 1(e))
were then created from these filtered field maps, using a
threshold-based method.!! The relationship between the
field and susceptibility distribution is local in the Fourier
domain and it is given by the Equation (1), below:

AB_(k)= Bof((k)[% —cos’ ﬁ] = B,Y(k)-C(k) 0

Here, the overstrike symbol ~ denotes a 3-dimensional
Fourier transform, B is the angle between the k-vector and
the k,-axis, and C(k) represents the Fourier transformation
of the dipole convolution kernel (in brackets in Equation 1,
above) that link susceptibility and field. Rearranging this
expression gave Equation (2):

ALY
X(k)= B, CK) )

At B =54.7° that is corresponding to a conical surface in
k-space, C(k) tends to zero, and a ‘division by zero’ prob-
lem arises. This means that any noise in the field map close
to this surface is amplified. A threshold, o, can be intro-
duced such that any pixel with an associated 1/C(k) > a is
set to zero. This is equivalent to applying a conical mask in
k-space to the ‘badly behaved’ k-space region, as defined
by the threshold. The choice of a is important, as a large
value will remove too much k-space and yield a suscepti-
bility map with low contrast, while a small value for o will
yield a susceptibility map dominated by noise artefacts.!!

A small preliminary qualitative study on a single subject
was carried out to determine the optimum threshold value.
Through trial and error, a threshold value of a = 0.13 was
found to give a good compromise between noise and con-
trast. The use of a threshold will lead to an underestimation
of susceptibility differences;!! however, this underestima-
tion is expected to be consistent between subjects, and as
such, should not significantly alter the measured differences
between control and patient groups. Merging of the stacks,
high-pass filtering and the calculation of susceptibility
maps were all done using Matlab (www.mathworks.com).

ROIs covering the caudate nucleus, putamen, globus
pallidus, internal capsule, pulvinar of the thalamus, and the
remaining thalamus (Figure 1(f)) were defined directly on
the susceptibility maps in both hemispheres, on five slices
that were completely encompassed by each region for all
subjects, were performed manually (using MRIcro soft-
ware; www.cabiatl.com/mricro/) by a trained radiographer
who was blinded to their clinical symptoms. The suscepti-
bility values for the different slices were averaged. Because
only relative susceptibility can be measured, we calculated
the difference in susceptibility of each structure relative to
the internal capsule. The internal capsule was used as a ref-
erence, because it is a white-matter structure that is located
very close to all other deep grey matter structures that were

being studied and it is not a site with a known tendency to
deposit iron when in a pathological state.!® Also, the aver-
age phase in the same ROIs was calculated from the filtered
phase map, and then this map was used to compare both the
phase and susceptibility data.

Statistical analysis

A normality test was performed using the Kolmogorov-
Smirnov test in Prism (GraphPad Software, US): The phase
and susceptibility data showed a normal distribution. A
two-way analysis of variance (ANOVA) was performed, to
investigate the effects of regional and patient/control status
(Prism, GraphPad Software, US) and then post hoc #-tests
with False Discovery Rate (FDR) correction?? were per-
formed to investigate the effect of the patient/control status
for each region, independently. The relationships between
the susceptibility values of deep grey matter structures and
the subject’s age, EDSS score, disease duration, and T1
lesion load were examined using the Pearson correlation;
however, the T2-weighted FLuid Attenuated inversion
Recovery (FLAIR) sequence at 7T was still not optimized,
so the T2 lesion load could not be calculated.

Results

Figure 2 demonstrates the non-local relationship between
the underlying susceptibility distribution and the phase
map, and its correction by susceptibility mapping. Figure
2(a) shows the magnitude image for orientation. In the
phase map in Figure 2(b), it was seen that the iron-rich glo-
bus pallidus perturbed the magnetic field both locally
(slightly positive offset within the borders of the globus
pallidus region) and non-locally (negative phase offsets
outside the globus pallidus). Figure 2(c) shows that suscep-
tibility maps, produced by inversion of the phase images,
provided better localized markers of iron content.

Figure 3 shows the susceptibility values in each ROI,
relative to the susceptibility of the IC for the two groups.
The two-way ANOVA showed that there was a significant
difference between brain regions (p < 0.0001) and between
patients and controls (p < 0.0025), and that there was a sig-
nificant interaction between these factors (p = 0.02). A
post-hoc #-test with Bonferroni correction showed that
there was a significant difference between the two groups
for the caudate nucleus (p < 0.01), putamen (p < 0.01) glo-
bus pallidus (p < 0.01) and pulvinar (p < 0.05).

There was a trend for the patients who later converted
clinically or radiologically toward definite MS (13 patients),
to having higher susceptibility values than those who did
not (6 patients), but this difference was not found to be sig-
nificant. When the non-converting CIS subjects were
removed from the analysis, the statistical significance in
the difference between controls and CIS (converting)
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Figure 2. Appearance of deep grey matter structures on: (a) T¥2 weighted image, (b) unwrapped-filtered phase image and (c) a

susceptibility map.
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Figure 3. Differences in the magnetic susceptibility of various ROls relative to the internal capsule, for all subjects in both study groups.

patients increased. In considering the phase data in Figure
4, a 2-way ANOVA showed significant differences between
brain regions (p < 0.0001), but not between patients and
controls (p <0.2).

In order to test the consistency of drawing the ROIs, we
drew the caudate nucleus, putamen, globus pallidus, thala-
mus and internal capsule regions five times and the coeffi-
cient of variation (CV) of the mean magnetic susceptibility
revealed that the values were reproducible (CV uyqute nucteus)
=0.93 %; CV uameny = 067 %; CV gigpus patiidus) = 147 %;
CV(thalamuS) = 047 % and CV(intemal capsule) = 215 %’
respectively).

No significant or consistent trends in the relationship
between the susceptibility and age were found for either the
controls nor CIS patients in any ROI (72 < 0.5; p > 0.05). In the
CIS patients, the time elapsed since the clinical event was not

correlated with iron levels in any ROI (12 <0.5;
p > 0.05). Similarly, no significant association was detected
between the EDSS scores and the susceptibility values
in any region of interest in the CIS group; however, a
moderate correlation (#2=0.3; p <0.01) was found between T1
lesion load and the mean susceptibility of the caudate nucleus.

Discussion

Deep grey matter structures, in particular the striatum and
thalamus, play an important role in relaying motor, sensory,
visual and cognitive information via extensive reciprocal
connections with the cortex and other subcortical struc-
tures. They are susceptible to damage from inflammation
arising in other areas. Thus, pathological changes in the
deep grey matter may result in clinical disability. Deep grey
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Figure 4. Difference of the phase of various ROls relative to the internal capsule, for all subjects studied in the two groups.

matter involvement has been correlated with fatigue,?!-?2
higher EDSS scores?24 and cognitive impairment?® in MS
patients.

This study is the first one to use quantitative magnetic
susceptibility mapping to measure the iron accumulation in
the deep grey matter structures in patients with CIS sugges-
tive of MS.

In CIS patients, the deep grey matter areas studied had
significantly-increased magnetic susceptibility, as assessed
by MR susceptibility mapping, as compared to the healthy
control subjects. This suggested that iron accumulation did
occur in these regions, in the early phase of demyelinating
disease. There was a trend for the change in iron content to
be greater in the CIS patients who went on to convert to MS
within a year, as compared to those who did not; however,
this was not found to be statistically significant.

Our results suggested that different grey matter regions
are affected to different extents by iron accumulation in
CIS, although the relatively lower significance for the glo-
bus pallidus data may relate to the relatively low signal-to-
noise ratio in that region, due to its short T2*. In other
words, as the phase noise scales with the reciprocal of the
image magnitude, a reduced signal due to the short T2* val-
ues in the globus pallidus is expected to lead to increased
noise in the final susceptibility map.'>1¢ Our study results
suggested that different grey matter regions were affected
to different extents by iron accumulation in CIS; although
the relatively lower significance for the globus pallidus
data may relate to increased phase noise, as a result of the
particularly short T2* in this region, leading to a lower sig-
nal magnitude, thus propagating into the reconstructed sus-
ceptibility maps.!!

Our study results support recent findings of significantly
greater T2 hypointensity in the caudate nucleus of CIS

patients, as compared to age-matched healthy controls.?6 A
recent study by Hammond and colleagues uses phase data
to show an increase in iron in the deep grey matter of
definite MS patients, but it did not include any CIS
patients.?” In contrast, Khalil and colleagues’ found that the
R2* levels of basal ganglia are lower in patients with CIS
than in healthy controls, concluding that iron deposition
does not precede the development of MS disease, but may
occur as a result of the disease itself.

The insignificant correlation found between susceptibil-
ity and the subject’s age is not surprising, given the range of
ages studied (21-58 years). Previous post-mortem?® and in
vivo data 102 suggest that iron accumulates rapidly from
birth until about the end of the second decade, for nearly all
brain regions, but tends to plateau in middle age. Two
recent studies®’ report a correlation between R2* and age,
but both report data for patient groups only, for whom iron
accumulation may progress more rapidly, although one
considered a wider age range (17-60 years)? and both used
R2* as a measure of iron accumulation, which might be
affected by other effects such as changes in water or myelin
density.

The absence of any significant susceptibility changes in
the thalamus can be attributed to the fact that the thalamus
has a large amount of white matter between and within many
grey matter nuclei, causing intrathalamic phase variation.3¢

In our study, susceptibility mapping was used to provide
a method for overcoming the non-local relationship
between field and phase images,!!\131516 based on the
development of a fast Fourier-based method for rapidly
simulating the field shift caused by an arbitrary susceptibil-
ity distribution;'>!* however, as susceptibility mapping
increases sensitivity to noise, extra computational steps
were required.
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It should be noted that although tissue susceptibility is
likely to be dominated by iron in these structures, the
susceptibility of tissue depends on more than just the iron
content. Recent work shows that myelin is diamagnetic
relative to surrounding tissue, and also that this susceptibil-
ity offset is highly dependent on the underlying orientation
of nerve fibers relative to the B,.3!32 Therefore, it is possible
that the changes observed are due to or confounded by dif-
ferences in myelination, as well as the changes in iron con-
tent. Finally, susceptibility values are relative, so the
susceptibility of a region of the brain used for normalization
must be assumed to be relatively stable, which could limit
some applications of susceptibility mapping. In our studies,
we measured susceptibility relative to the internal capsule,
for the reasons stated above. This was based on the assump-
tion that in the absence of visibly demyelinated lesions, the
iron content of the internal capsule is likely to be more sta-
ble than that of the deep grey matter nuclei. Langkammer et
al.! analysed iron content in various human brain structures,
and indeed concluded that the frontal, temporal and occipi-
tal lobes’ white matter had considerably lower iron content
than the deep grey matter. In addition, the standard devia-
tion was found to be significantly lower than that of deep
grey matter structures. Although they did not analyse the
internal capsule, it seemed likely to us that it would have a
similar iron content to the rest of the white matter. In patho-
logical situations that increase the iron content in deep grey
matter, the internal capsule would likely be affected to a
lesser degree.!® Moreover, even if the internal capsule were
to accumulate iron in the pathological processes of CIS/MS,
the results expressed as differences were compared between
CIS and healthy controls, so any increased iron content in
the internal capsule in CIS would have only led to an under-
estimation of the differences between CIS and controls.

Besides iron effects, the internal capsule is known to
have a high myelin content with highly ordered fiber direc-
tions.?* As discussed above, myelin will affect the meas-
ured susceptibility. For this reason, small changes in the
myelin content of the internal capsule between subjects
would potentially reduce the sensitivity of the approach
described here. This may explain why significant differ-
ences were not measured in the thalamic brain region.

In this work, high field (7T) was used to provide the
necessary increase in signal-to-noise ratio; however, there
are a number of potential problems using 7T. At 7T the T2*
is reduced, but because of the relationship between suscep-
tibility and phase scale as the product of field strength and
echo time, shorter echo times can be used to overcome T2*
signal attenuation at a high field. Bl inhomogeneity is
another characteristic of 7T, but susceptibility maps are not
affected by this. Furthermore, susceptibility maps are not
limited by an increased power deposition, being based on
gradient echo imaging sequences.’*

The use of a threshold will underestimate susceptibility
differences;!! however, this underestimation is expected to

be consistent between subjects and as such, should not sig-
nificantly bias the differences between control and patient
groups.

Our findings also provide further motivation for early
anti-inflammatory and neuroprotective intervention in
early MS/CIS, as it has the potential to prevent, delay, or
mitigate later disease activity and progression.3?

This study needs to be extended, in order to relate iron
accumulation to the course of disease (e.g. conversion to MS,
with prediction of disability) in CIS patients. Further studies
will explore the relationship between deep grey matter iron
accumulation and the likelihood of conversion to MS (or
more generally, of a demyelinating relapse) within 1 year, as
was suggested by the trend found in our study. The failure to
reach significance may be explained by the relatively small
number difference between the converters and non-convert-
ers. There is a need to further investigate the mechanisms
linking iron deposition in areas unaffected by classical MS
inflammatory demyelinating lesions, the presence of these
lesions elsewhere in the CNS, quantitative changes in the
white and grey matter and clinical disease activity. Our study
indicated that there were subtle differences in grey matter
susceptibility from the early phases of demyelination, but
that there may be a window of opportunity for early treat-
ment that could prevent more extensive damage and iron
accumulation.
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