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Brain iron in health and disease
Iron is essential for normal neuronal functioning and is a crucial cofactor in a
plethora

of

metabolic

processes

such

as

myelin

synthesis

and

neurotransmitter production. By using the Perl’s Prussian blue stain on a
single human brain, Zaleski was the first to report, in 1886, the presence of
non‐heme iron in the central nervous system.1 In the mid‐20th century,
Swedish scientists Hallgren and Sourander observed that non‐heme iron,
mostly in the form of ferritin, the most prominent iron‐storage protein, was
present in the brain at higher levels as healthy individuals become older.2
They discovered that the areas with the most prominent age‐related iron
deposition were in the deep gray matter (GM); putamen, caudate, globus
pallidus, substantia nigra and thalamus, and that increased levels were also
present in the prefrontal, sensory, cerebellar and motor cortices. More recent
studies confirm that brain iron increases as a function of age in all of the
aforementioned structures, as well as the hippocampus, amygdala, and
pulvinar nucleus of the thalamus.3‐5
In addition to iron levels increasing with age, various studies have observed
high deep GM iron contents in disorders such as Alzheimer’s disease,
Parkinson’s disease and multiple sclerosis (MS).6‐8 In both Alzheimer’s disease
and Parkinson’s disease, redox active metals, of which iron is the most
prominent, are found among amyloid‐β plaques and Lewy bodies (α‐
synuclein). In fact, iron binds with high affinity to amyloid‐β, where amyloid‐
β may act as an anti‐oxidant protection mechanism.9, 10 The vicious cycle of
increased iron, copper, and other metals together with amyloid‐β may
eventually lead to pathology in the form of oxidative stress, degeneration and
the hallmark plaques.11‐13 Other, less widespread neurodegenerative disorders
are also characterized by excessive brain iron accumulation, including:
Friedreich

ataxia,

neurodegeneration with

brain

iron accumulation,

aceruloplasminemia, and neuroferritinopathy.14‐18 In addition, even though
not classically regarded as a neurodegenerative disorder, post‐mortem and
MRI work has suggested increased iron levels in the brains of patients with
MS.19‐21 Most degenerative disorders where excessive iron is hypothesized to
play a role originate in middle age, and are progressive in nature. The co‐
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occurrence of both increased iron concentrations, and the initiation and
progression of neurodegenerative disorders among older individuals, may not
warrant a causal connection; it does however raise the issue of how these two
factors are related.

The irony of iron: importance of homeostasis
The detrimental effects of excess iron are mostly caused by the formation of
reactive

oxygen

species.

Antioxidant

protection

mechanisms

are

overwhelmed and harm is caused to cell membranes and deoxyribonucleic
acid (DNA), while protein misfolding and aggregation is promoted.22,23
Ferrous iron (Fe2+) and hydrogen peroxide (H2O2) react to eventually
generate hydroxyl radicals (∙OH) through the Fenton and Haber‐Weiss
reactions (Figure 1).24, 25 Hydroxyl radicals, the most damaging of free radicals,
can cause DNA strand breakage, chemical alterations of the deoxyribose,
damage of purine and pyramidine bases, damage cell membranes, and cause
mitochondrial dysfunction.24 This can either lead to, or exacerbate, loss of
tissue. The accumulation of brain iron is thought to occur over time, resulting
in over‐time increasing tissue damage. Therefore, most disorders associated
with iron accumulation occur later in life. Conversely, brain iron deficiency
can also have detrimental effects, and this appears to be especially important
in early life. If chronic iron deficiency occurs in certain early, critical periods
(intrauterine, early infancy), it cannot be overcome later in life.26 For
example, an iron‐deficient diet fed to young rats resulted in persistently
decreased brain iron levels even into adulthood and after rats were switched
to an iron‐rich diet.27 In contrast, there is evidence that a low‐iron diet
resulting in brain iron deficiency can be replenished after resuming a normal
diet in older rats.28, 29 Evidently, there are species‐specific critical periods in
which sustaining iron levels is especially important. Since iron is a
prerequisite for axonal myelination, it stands to reason that in humans
maintaining sufficient iron levels is especially crucial in the period where
myelination occurs the most (first year after birth). Although less is known
about iron deficiency in children than rats, several studies have investigated
this phenomenon.30 For example, higher fetal iron status (measured as
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umbilical cord ferritin concentrations) was related to higher cognitive and
fine‐motor scores at 5 years.31 Furthermore, as in young rats, infants with iron
deficiency anemia treated with iron supplementation at 6 months showed no
long term improvements (persistently slowed auditory evoked potentials),
even after 4 years.32 Therefore early life iron deficiency seems to have long
term neurological effects (possibly due to hypomyelination), which are not
fully reversible with therapeutic intervention. Even in adolescents and adults,
iron deficiency is associated with negative cognitive effects and even affective
symptoms (e.g. depression, irritability, apathy).33, 34 This is usually reversible
with iron supplementation, resulting in increased cognitive functioning
(memory, executive functioning, and attention).34
Because of the detrimental effects both from deficiency and overabundance,
it is crucial that homeostasis is maintained. Iron is taken up by the
gastrointestinal tract and through the divalent metal transporter 1 (DMT1)
and iron export protein ferroportin, it is transported throughout the
circulatory system bound to the glycoprotein transferrin.35, 36 Cellular uptake
occurs through the transferrin‐to‐cell cycle initiated by transferrin receptors
on the cell membrane.37, 38 In addition to the iron exporter transferrin, the
ferroxidase enzyme ceruloplasmin is also involved in iron efflux and
homeostasis. For example, ceruloplasmin knockout mice have severely
impaired cellular iron export in reticuloendothelial cells, and decreased levels
of hippocampal iron and neurotransmitter levels.39 Iron uptake and
homeostasis in the brain appears to be restricted and regulated by the blood
brain barrier. Transferrin receptors are present on the luminal membrane of
capillary endothelial cells of the blood brain barrier, and mechanism of
uptake most likely involve the transferrin‐to‐cell cycle, although without
involvement of DMT1.40 The choroid plexus is also thought to be involved in
the uptake of iron into the brain.41 Furthermore, recycling of iron is likely to
play an important role in maintaining iron in the brain.42 For example,
systemic iron deficiency in rats resulted in a reduction of liver iron by 90%,
while brain iron levels were reduced by only 35%.43 Clearly, many aspects are
involved in the homeostasis of systemic and brain iron levels. Deficiencies
may lead to impaired neural functioning for example through diminished
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well. Genome‐wide association studies have identified several alleles as risk
factors for MS, including alleles in the major histocompatibility complex
region and the interleukin‐2 and interleukin‐7 receptors.47 These findings
support the notion that MS is a disorder that involves the immune system.
However, twin studies have taught us that although there is a certain genetic
contribution, the level of heritability varies greatly across studies and
samples, thereby complicating the possibility to draw conclusions about
heritability on the individual level.48 Furthermore, although genome‐wide
association studies may be helpful in identifying common genetic
polymorphisms related to susceptibility for MS, they are less informative in
terms of explaining disease heterogeneity. To study this, genotype‐phenotype
interaction studies are more suitable,49, 50 with these studies having identified
glutamate gene polymorphisms and epigenetic factors to be of importance in
explaining e.g. volume loss of white matter (WM).
MS was first described by Robert Carswell in 1838.51 However, it was not until
later in the 19th century that French neurologist Jean‐Martin Charcot
recognized MS as a distinct disease.52 MS has several clinical phenotypes
(Figure 2), with the majority of patients presenting with an acute clinical
episode, after which they are referred to as having clinically isolated
syndrome (CIS). From this stage, the development to relapsing‐remitting
(RR) MS is likely, but not a given. To fulfill RRMS criteria, several episodes,
affecting different central nervous system (CNS) sites, separated in time have
to be observed (see Box 1). This stage is characterized by repeated relapses
followed by periods of remission. Over time, recovery from relapses becomes
less apparent and symptoms remain. Once symptoms are persistent, the
patient is said to have secondary‐progressive MS. A small subset of patients
(<20%) have primary progressive MS and do not show remissions but
experience a progressive disease form from onset.53 Patients may display a
diverse array of symptoms. Most can be traced back to localized CNS damage.
For example, demyelination of the optic nerve usually results in the
temporary loss of vision, which is a frequent presenting sign of MS.54 Other
symptoms are related mostly to the cortex (cognitive impairment, motor and
sensory symptoms, and depression), cerebellum (tremor, balance), brainstem
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prolongation of T2‐relaxation times. WM‐SAs are mostly localized in the
periventricular areas, but also in the brainstem, cerebellum, and spinal cord.55
WM‐SAs which have severe tissue injury can be seen on T1‐weighted images
as “black holes”.59 When intravenously administering the contrast agent
gadolinium, active lesions may enhance due to leakage of the blood‐brain
barrier.
Even though historically most research has been conducted on WM
abnormalities, it has become increasingly clear over the last years that WM
pathology cannot fully explain the clinical manifestation of MS, which led to
the investigation of GM damage. The discrepancy between WM pathology as
observed on MRI and clinical symptom manifestation is often referred to as
the clinical‐radiological paradox.60 Although research has only fairly recently
started to focus on the GM, involvement of the deep GM and existence of
cortical GM lesions had already been described in 1887 by Jean‐Martin
Charcot.52, 61

Box 1. Diagnostic criteria for Multiple sclerosis
The McDonald criteria as revised by Polman et al. (2011)56 simplified and
clarified previously57 set diagnostic criteria. In order to receive a diagnosis of
MS, a patient would have to exhibit both dissemination in space (DIS; lesions
in multiple WM areas) as well as dissemination in time (DIT; new lesions at a
follow‐up scan at least 30 days from baseline) on MRI. Other factors may also
be sufficient for diagnosis (e.g. a second clinical attack), however when it
comes to MRI findings, the DIS criterion is defined as having one T2 lesions
in each of at least 2 of 4 CNS WM regions (juxtacortical, periventricular,
infratentorial, spinal cord). The DIT criterion is satisfied when a new T2 or
Gadolinium enhancing lesion is observed on a follow‐up MRI, with reference
to a baseline scan, or there is a simultaneous presence of asymptomatic
Gadolinium enhancing and non‐enhancing lesions at any time.
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Involvement of GM in a WM disease
In contrast to WM lesions, cortical and deep GM demyelination could
initially not reliably be observed histologically due to the lack of sufficient
staining methods. Investigating the involvement of the GM may have
therefore been neglected for many years. In 1962, Brownell & Hughes et al.62
described lesions in the cortex, central GM, and at the junction of WM and
GM, amounting to 26% of the total (brain) lesion burden. It was not until new
immunohistochemical techniques emerged that it became clear that Brownell
& Hughes’ lesion estimate was an underestimation.63 The advent of novel MRI
techniques in the 2000’s brought with it the opportunity to image cortical
lesions in vivo. These MRI techniques include double inversion recovery
(DIR)64 and phase sensitive inversion recovery (PSIR).65 GM lesion detection
is weak on conventional MRI,66 and while advanced techniques improve
cortical lesion detection, they are still not able to detect lesions as well as
histopathology.67 Cortical demyelination appears already early in the
disease,68 such as in CIS,69, 70 and deep GM atrophy is present in MS patients
even at modest clinical disability.71 However, the rate of GM atrophy increases
drastically with the disease. It has been estimated that the rate of GM loss
increases from 3.4x more in CIS patients, to 14x more in secondary
progressive MS patients, as compared to healthy subjects.72 Interestingly, the
WM atrophy rate remained relatively constant at 3x higher. Both
demyelination and atrophy are observed in deep GM structures and the
spinal cord,73 and are related to the progression of MS.74 For example, in a
recent longitudinal study, the rate of thalamic atrophy among CIS patients
was more severe in patients who developed clinically definite MS compared
to those that did not.75 Currently, the association of cortical lesions, atrophy
and demyelination within the GM is not fully understood. For example,
cortical thinning has been observed without the presence of widespread
demyelination,76 indicating that myelin damage is not a necessity for GM
atrophy. GM damage may be caused by several underlying pathologies,
however, which these are, is not known at this stage. Several authors have
proposed different possibilities including mitochondrial dysfunction,77 and
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reactive oxygen species78 causing damage to cellular structures, which in turn
may be promoted by increased iron concentrations.23, 79

MR imaging of brain iron levels
In recent decades, advances have been made in the development of
noninvasive, in vivo methods of assessing brain iron accumulation, mostly in
the GM, using MRI. Several groups have used different MRI techniques to
investigate brain iron deposition in aging, such as the field‐dependent
relaxation rate (FDRI) technique. Here, the difference between tissue
transverse relaxation rates (R2) are used at two different MRI field strengths
(e.g. 1.5T and 3T).4, 80, 81 As was already shown in postmortem data, these
authors observed marked increases in iron content in the subcortical GM in
structures such as the caudate nucleus, putamen and globus pallidus. In
addition, hypointense regions observed on standard T2‐weighted imaging can
be indicative of increased iron concentrations. Regions of lower signal
intensity correspond to increased iron deposition, probably as a result of the
paramagnetic properties of clustered iron in ferritin. Such hypointensities are
most prominently observed in the basal ganglia in many neurodegenerative
disorders including MS.82 Reduced T2 signal intensity is also observed as a
function of age in healthy subjects, an effect which is already seen before the
age of 20.83,

84

Other, more recent, studies have used different imaging

techniques such as relaxometry,3, 85‐87 quantitative susceptibility mapping88
and susceptibility‐weighted imaging (SWI).89, 90
By investigating MS patients, several MRI studies have already tackled the
hypothesis of iron deposition in the deep GM of MS patients in the 1990’s by
comparing T2 signal intensity of patients to healthy individuals. However, at
that time it was not clear whether any clinical relevance could be extracted
from such findings. For example, Grimaud et al.91 only observed signal
intensity differences in the thalamus. Indeed, its validity and practicality were
challenged with the authors concluding that “low signal in the basal ganglia is
rarely, if ever, found in multiple sclerosis and is not a useful radiological sign”.
By the advent of more advanced imaging techniques this notion was disputed
in the subsequent years, culminating in the present work, which will seek to
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show the importance of pathology suggestive of iron deposition that is visible
on MRI. The presented studies will use the SWI imaging technique (see Box
2).

Box 2. Susceptibility Weighted Imaging
SWI is one of several MRI measures that are sensitive to paramagnetic
substances. It is acquired using a 3 dimensional flow‐compensated gradient
echo sequence, and after processing, is a method which enhances the
visibility of, for example, iron‐rich veins and hemorrhages. In addition to
finding iron‐rich hemoglobin, it is also a useful method to identify and
quantify GM structures for supposed iron content, especially in the basal
ganglia. Phase images are a measure of magnetic field variations.
Paramagnetic elements, with the most likely candidate being the element
iron because of its higher levels compared to other metals, cause the spins to
align along with the magnetic field, producing a larger field locally.92
Therefore, higher levels of iron in the tissue will cause the phase to decrease.
Raw SWI images are multiplied with a high‐pass filter to remove low‐
frequency phase components and amplify relevant frequency shifts, resulting
in the visualization of putatively iron‐rich brain structures.93,94

Figure 3. Representative steps of the analysis process, (A) raw phase data (left), (B) SWI‐
filtered phase image (center), and (C) overlaid subcortical deep gray‐matter regional
segmentations (right).21

Throughout the present work, different measures obtained with SWI‐filtered
phase were used to measure the amount and severity of pathology/iron
content. At a basic level, (raw)structural mean phase values were used as a
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measure of the magnetic susceptibility of brain tissue. In addition to this,
several of our works include derived measures with the intention to
highlight severely affected tissues. A measure of pathology in highly affected
tissues was computed using a reference sample of healthy individuals. Based
on this healthy sample, the mean phase values were determined per
structure. Then, in study subjects, only voxels containing phase values lower
than 2 standard deviations of the healthy reference group were retained (see
21,92

). This yielded (1) structure specific mean phase values of low phase

voxels (MP‐LPV; a measure of the severity of purported high‐iron tissues),
and the at times used measures (2) volume of low phase voxels (LPV volume;
structural volume of purported high‐iron content) and (3) volume of normal
phase tissue (NPTV; structural volume of purported unaffected/less affected
tissue).

Aims and outline of thesis
The main goal of this thesis was to investigate the relevance of brain
pathology visible on SWI, suggestive of increased iron levels in aging and MS.
It was set out to address the following questions: (1) To what extent do brain
iron concentrations increase in healthy aging? (2) Are brain iron levels higher
in different MS disease stages compared to healthy subjects? (3) Can we
predict clinically relevant outcomes of MS using SWI? (4) Are lesions visible
on SWI (phase WM‐SAs) useful in the diagnosis of early MS disease stages
such as CIS? And (5) based on the presented research and literature, can it be
postulated that increased iron levels are part of a pathway causing widespread
CNS pathology in MS? The following studies will investigate this by
examining different MS disease stages and healthy individuals, and to relate
SWI measures to clinical and radiological biomarkers. To aid in the
interpretation of findings across studies, all participants were scanned on the
same 3T GE Signa Excite HD scanner, and consistent methodologies were
used regarding image acquisition, processing and analysis.
Chapter 2 explores, as a baseline measure, the patterns of SWI phase
measurements (as indicators of normal iron deposition patterns) in healthy
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individuals. Subjects ranging from adolescents to seniors were recruited to
have a representative overview of the phase behavior in deep GM structures.
Chapter 3 investigates SWI‐filtered phase images in different stages of MS
starting with pediatric patients and patients with CIS, presumably disease
stages where factors such as healthy aging have had limited effect on brain
iron levels. In addition, the association of SWI measurements with clinical
measures in adult MS patients is discussed in this chapter.
Chapter 4 adopts a different approach. In MS, WM‐SAs observed on certain
imaging sequences such as T2 and T1 are considered hallmark pathologies of
the disease. However, relatively little is known about WM‐SAs observed with
SWI. WM‐SAs as visible on SWI, and their diagnostic potential, are discussed
in both CIS and MS.
Chapters 5 summarizes and discusses the findings of the present thesis, in
order to provide an overarching framework and define crucial future
directions for this type of research.
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Abstract
Objective: The objective of this paper is to assess abnormal phase values,
indicative of increased iron content, using susceptibility‐weighted imaging
(SWI)‐filtered phase of the subcortical deep gray matter (SDGM) in
adolescent multiple sclerosis (MS) and other neurological disorders (OND)
patients, and in healthy controls (HC).
Methods: Twenty adolescent MS and eight adolescent OND patients and 21
age‐ and sex‐matched HC were scanned on a 3T GE scanner. Mean phase of
low phase voxels (MP‐LPV), MP‐LPV volume, normal phase tissue volume
(NPTV) and normalized volume measurements were obtained for total
SDGM, as well as specific structures separately.
Results: Significantly lower MP‐LPV (28.2%, p<.001), decreased NPTV
(−23.3%, p<.001) and normalized volume (−15.5%, p<.001), and increased MP‐
LPV volume (82.7%, p<.001) was found in in the pulvinar nucleus of the
thalamus of MS patients compared to HCs. MP‐LPV in MS patients was also
decreased in total SDGM (p=.012) and thalamus (p=.044). Compared to OND
patients, MS patients had lower MP‐LPV volume in the pulvinar nucleus of
the thalamus (p=.044) and caudate (p=.045). Lower MP‐LPV of the SDGM
structures were associated with increased T2 and T1 lesion burden and brain
atrophy in MS patients.
Conclusion: Adolescent MS patients showed increased iron content in the
SDGM compared to OND patients and HC.
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Introduction
Extensive involvement of cortical and subcortical deep gray matter (SDGM)
has been described in patients with multiple sclerosis (MS).1 Iron deposition
in SDGM structures, such as the thalamus, putamen, caudate and globus
pallidus, has been detected in MS patients both histologically.2 and in vivo by
means of different magnetic resonance imaging (MRI) techniques.3,4 Recently,
it has been demonstrated that iron accumulation in the SDGM of MS patients
is confined to identical SDGM areas, where volume loss occurs.3 and that it
can precede structure‐specific atrophy at the earliest clinical stages of the
disease.5 However, it is unclear whether iron deposition is primary or
secondary to inflammation in patients with MS. Previous studies have
reported that juvenile MS patients show relatively mild whole brain, gray‐
matter (GM) or white‐matter (WM) involvement.6 However, there have been
reports of region‐specific GM volume loss in the thalamus of adolescent MS
patients.7–9 The extent of iron deposition in the SDGM has been extensively
investigated in adult3,4 but not in adolescent MS patients. A recent report
showed increased T2 hypointensity in the left caudate of adolescent MS
patients.10
Susceptibility‐weighted imaging (SWI)‐filtered phase has been proposed as a
method for measuring in vivo iron deposition.3,11 It takes advantage of local
magnetic field changes caused by paramagnetic substances within the brain,
such as ferritin, an integral iron storage protein, which influence the
frequency of proton spin. Because of this, SWI‐filtered phase results in a type
of contrast enhancement, giving rise to a metric of the density of iron.12
In this study we investigated the local distribution of abnormal iron content
in the SDGM in adolescent MS and other neurological disorders (OND)
patients, as well as in healthy controls (HC), using SWI‐filtered phase. In
addition, atrophy measures of SDGM structures were compared between
study groups. Moreover, we examined the relevance of these metrics in MS
patients by investigating their associations with standard MRI and clinical
outcomes.
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Methods
Subjects
This study included 20 prospectively enrolled adolescent MS patients13 with
relapsing–remitting (RR) disease course, and two age‐ and sex‐matched
control groups (eight OND patients and 21 HC). Participants were excluded if
they had a relapse or were treated with steroids within the month preceding
study entry or had any pre‐existing medical conditions known to be
associated with brain pathology. Diagnoses of OND patients included three
patients with a neurovascular disorder (transitory ischemic attack, migraine
headache and central nervous system (CNS) vasculitis), two with a
neuromuscular disorder (restless leg syndrome) and three with a
neuroinflammatory disorder (acute disseminated encephalomyelitis). HC
subjects were volunteers who underwent neurological examination and had
no history of neurologic or psychiatric disorders. The study protocol received
approval from the local Institutional Review Board and all participants
provided their written informed consent prior to examination.
Image acquisition
Scans were performed on a 3T GE Signa Excite HD 12.0 (General Electric,
Milwaukee, WI, USA), using a multichannel head and neck (HDNV) coil. SWI
was acquired using a three‐dimensional (3D) flow‐compensated GRE
sequence with 64 locations, 2 mm thickness, a 512×192 matrix, field of view
(FOV)=25.6 cm × 19.2 cm (512×256) matrix with Phase FOV=0.75), for an in‐
plane resolution of 0.5 mm × 1 mm (flip angle (FA)=12; echo and repetition
times (TE/TR)=22/40 ms; acquisition time (AT)=8:46 min:sec).3
In addition to SWI, the following sequences were acquired: two‐dimensional
(2D) multi‐planar dual fast spin‐echo (FSE) proton density (PD) and T2‐
weighted image (WI; TE1/TE2/TR=9/98/5300 ms; FA=90o; and echo train
length

(ETL)=14);

fluid‐attenuated

inversion‐recovery

(FLAIR;

TE/TI/TR=120/2100/8500 ms (inversion time, TI); FA=90o; ETL=24); 3D high
resolution (HIRES) T1‐WI using a fast spoiled gradient echo (FSPGR) with
magnetization‐prepared

inversion

recovery

(IR)

pulse

(TE/

TI/TR=2.8/900/5.9 ms, FA=10); and spin echo (SE) T1‐WI (TE/TR=16/600 ms,
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FA=90). All scans were prescribed parallel to the subcallosal line in an axial‐
oblique orientation. One average was used for all sequences.
All sequences except SWI were obtained with a 256×192 matrix (freq × phase),
FOV of 25.6 cm × 19.2 cm (256×256 matrix with Phase FOV=0.75), for an in‐
plane resolution of 1 mm × 1 mm. For all 2D scans (PD/T2, FLAIR and SE T1),
48 slices were collected, with a thickness of 3 mm and no gap between slices.
For the 3D HIRES IR‐FSPGR, 184 1 mm thick locations were acquired,
resulting in isotropic resolution.
Image analyses
Analyses were performed by operators who were unaware of the participants’
disease status. Abnormal phase identification: SDGM structures were
segmented using a combination of semi‐automated edge‐contouring and
FMRIB’s integrated registration and segmentation tool (FIRST) on 3D T1‐WI.14
Specifically, the thalamus, caudate, putamen, globus pallidus, hippocampus,
amygdala and nucleus accumbens were identified in this way.15 Structures not
identifiable by FIRST, such as the red nucleus, pulvinar nucleus of the
thalamus and substantia nigra, were identified semi‐automatically using JIM5
(Xinapse Systems Ltd, Northamptonshire, UK) on the most representative
slice for each subject.15 Using these methods, it has previously been
determined that segmentation of separate SDGM regions can be reliably
reproduced.3
A detailed overview of SWI processing, reproducibility and analysis methods
is provided elsewhere.3 Briefly, using the SWI‐filtered phase images,
processing is performed to identify voxels likely to contain iron, based on
their mean phase values (Figure 1). Normal reference phase values (means
and standard deviations) for each SDGM structure were determined.3 Images
are thresholded to retain only the voxels with phase values lower than two
standard deviations below the reference mean values of each structure. As a
measure of the degree of phase decrease, the mean value of sub‐threshold
(low phase) voxels of the mean phase is calculated (mean phase of low phase
voxels (MP‐LPV)).This yields structure specific maps of voxels with abnormal
phase. More negative (lower) MP‐LPV values suggest increased iron content
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Statistical analysis
Data analysis was conducted using PASW Statistics, version 18.0 (IBM Corp.,
Somers, NY, USA). Differences in demographic characteristics and atrophy
measures between study groups were assessed using the Chi‐square and
analysis of variance tests. Because MP‐LPV was not normally distributed as
determined by Shapiro‐Wilks test (p<.01), the Kruskal‐Wallis test was used to
compare group‐wise differences of this variable. MP‐LPV volume, normalized
volume and NPTV measures were compared using analysis of variance. In
order to limit the number of multiple comparisons, pair‐wise post hoc
analyses were carried out only for those variables with a trend p‐value level of
p<.1 in group‐wise analyses, by using the Student’s t‐test and Mann Whitney
U test, where appropriate. No significant MP‐LPV, MP‐LPV volume or
volume differences were observed between the right and left hemispheres;
therefore, data were combined in all analyses. We employed Spearman
correlation coefficients to assess the relationship between SDGM MP‐LPV,
MP‐LPV volume, NPTV and normalized volume with other MRI and clinical
variables. Because of the exploratory nature of the study, we considered
nominal p‐values of p<.05 as significant, using two‐tailed testing.

Results
Table 1 shows demographic, clinical and MRI characteristics of the study
groups. Eighteen (18) adolescent MS patients were Caucasian, whereas two
were African‐American. Fifteen (75%) adolescent MS patients were taking
disease‐modifying therapy (10=interferon beta‐1a, 2=glatiramer acetate,
1=natalizumab, 1=cyclophosphamide, and 1=interferon beta‐1b) for an average
time of 9.4 months (SD=9.9). None of the brain volume measures differed
significantly between groups. All HC had normal brain MRI scans. No lesions
were found on conventional MRI sequences in the SDGM of MS or OND
patients.
Table 2 shows group‐wise and pair‐wise differences in the MP‐LPV values
between the three study groups. In group‐wise comparisons, significantly
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Table 1. Clinical and demographic characteristics of healthy control subjects and patients
with adolescent multiple sclerosis or other neurologic diseases.

Female:male ratio
Age, mean (SD) median
[spread]
DD in years, mean (SD)
median [spread]
Age of MS onset, mean (SD)
median [spread]
Number of relapses in past
year, mean (SD) median
[spread]
EDSS , mean (SD) median
[spread]
T2 lesion volume, mean
(SD) median
T1 lesion volume, mean
(SD) median
NBV, mean (SD) median

HC

Adolescent MS

p

3.2 (2.7) 2 [12]

Adolescent
OND
5:3
13.8 (3.1) 14.5
[10]
3 (1.1) 3 [3]

10:11
14.8 (3) 16 [10]

11:9
15.6 (2.9) 17 [11]

‐‐‐
‐‐‐

12.4 (3.8) 14.0 [14]

‐‐‐

‐‐‐

‐‐‐

.7 (.9) 0 [3]

‐‐‐

‐‐‐

‐‐‐

1.3 (1.3) 1.3 [4]

‐‐‐

‐‐‐

‐‐‐

12.1 (26.5) 4.3

2.0 (25.4) .7

.299

‐‐‐

.9 (3.4) 0

‐‐‐

‐‐‐

.753
.326
.842

1727.8 (76.2) 1682.7
(68.8) 1731.8
(104.9) .161
1731.4
1687.1
720.7
NGMV, mean (SD) median
904.2
(52.2) 882.6 (50.8) 881.4 891.4
(56.4) .438
896.7
900.4
NWMV, mean (SD) median 823.6
(58.8) 800.1 (44.7) 809.2 840.3
(59.6) .229
837.2
877.4
NLVV, mean (SD) median
16.8 (7) 18.6
21.8 (14.5) 18.6
18.9 (11.1) 133.6
.373
Legend: HC = healthy controls; MS = multiple sclerosis; OND = other neurologic diseases;
DD = disease duration; EDSS = expanded disability status scale; NBV = normalized brain
volume; NGMV = normalized gray matter volume; NWMV = normalized white matter
volume; NLVV = normalized lateral ventricle volume. Volume measurements are expressed
in cubic millimeters. Differences between groups in demographic characteristics and MRI
measures were tested using the analysis of variance, student’s t‐test and chi‐squared test.

decreased MP‐LPV was found in the pulvinar nucleus of the thalamus (p<.001,
Figure 2a) and total SDGM (p=.039), while there was also a trend for
decreased thalamic MP‐LPV (p=.063). Pairwise comparison revealed
significantly decreased MP‐LPV in MS patients compared to HC in the
pulvinar nucleus of the thalamus (28.2%, p<.001, d=.77), total SDGM (11.2%,
p=.012, d=.59) and thalamus (19.2%, p=.044, d=.65). MS patients showed a
trend for decreased MP‐LPV in the pulvinar nucleus of the thalamus (p=.075)
and thalamus (p=.075) compared to OND patients, while no MP‐LPV
differences were found between OND patients and HC.
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Table 2. Mean phase of low phase voxels (MP‐LPV) measurements of subcortical deep gray
matter structures of healthy control subjects and patients with adolescent multiple sclerosis
or other neurologic diseases.
MP‐LPV
HC
Adolescent MS
Adolescent OND p
Mean (SD)
Mean (SD)
Mean (SD)
Total SDGM
‐.126 (.028)
‐.140† (.019)
‐.120 (.025)
.039
Caudate
‐.157 (.011)
‐.168 (.047)
‐.149 (.007)
.106
Putamen
‐.153 (.048)
‐.159 (.042)
‐.153 (.041)
.660
Globus pallidus
‐.166 (.017)
‐.189 (.054)
‐.167 (.026)
.201
‐.078 (.007)
‐.093† (.032)
‐.077 (.006)
.063
Thalamus
Hippocampus
‐.166 (.061)
‐.186 (.068)
‐.128 (.017)
.125
Amygdala
‐.191 (.051)
‐.248 (.133)
‐.208 (.097)
.352
Nucleus accumbens
‐.758 (.26)
‐.780 (.22)
‐.839 (.059)
.513
Red nucleus
‐.202 (.014)
‐.207 (.013)
‐.208 (.010)
.772
Substantia nigra
‐.273 (.022)
‐.309 (.123)
‐.273 (.014)
.603
Pulvinar nucleus
‐.124 (.011)
‐.159†† (.063)
‐.130 (.010)
< .001
Legend: MP‐LPV = mean phase of low phase voxels; HC = healthy controls; MS = multiple
sclerosis; OND = other neurologic diseases; SDGM = subcortical deep gray matter. Measures
are expressed in radians. Differences between groups were tested using the Kruskal‐Wallis
and Mann‐Whitney U test. * p<.05, ** p<.01 for OND versus HC; † p<.05, †† <p.01 for MS
versus HC; ‡ p<.05, ‡‡ p<.01 for MS versus OND.
Table 3. Volume measurements of the mean phase of the low phase voxels (MP‐LPV) in
subcortical deep gray matter structures of healthy control subjects and patients with
adolescent multiple sclerosis or other neurologic diseases.
MP‐LPV Volume
HC
Adolescent MS
Adolescent OND p
Mean (SD)
Mean (SD)
Mean (SD)
Total SDGM
13.006 (2.171)
13.421 (1.355)
12.49 (1.956)
.592
Caudate
1.952 (.643)
2.322‡ (.615)
1.647 (.614)
.078
Putamen
1.479 (.545)
1.679 (.419)
1.482 (.776)
.515
Globus pallidus
1.469 (.266)
1.547 (.190)
1.478 (.342)
.644
Thalamus
6.444 (.807)
6.160 (.569)
6.397 (.41)
.467
Hippocampus
1.217 (.672)
1.132 (.854)
1.005 (.597)
.841
Amygdala
.384 (.154)
.505 (.334)
.402 (.119)
.327
Nucleus accumbens
.06 (.095)
.075 (.078)
.078 (.107)
.865
Red nucleus
.002 (.004)
.003 (.004)
.001 (.001)
.617
Substantia nigra
.031 (.022)
.051† (.027)
.036 (.028)
.060
Pulvinar nucleus
.040 (.021)
.073††‡ (.021)
.048 (.024)
< .001
Legend: MP‐LPV = mean phase of low phase voxels, MS = multiple sclerosis, OND = other
neurologic diseases; HC = healthy controls, SDGM = subcortical deep gray matter. All
normalized deep gray matter volumes are expressed in milliliters. Differences between
groups were tested for significance using analysis of variance and the student’s t‐test.
* p<.05, ** p<.01 for OND versus HC; † p<.05, †† <p.01 for MS versus HC; ‡ p<.05, ‡‡ p<.01
for MS versus OND.
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Table 4. Normalized volume measurements of subcortical deep gray matter structures of
healthy control subjects and patients with adolescent multiple sclerosis or other neurologic
diseases.
Normalized volume
HC
Adolescent MS
Adolescent OND p
Mean (SD)
Mean (SD)
Mean (SD)
Total SDGM
49.17 (4.23)
46.66 (4.97)
46.82 (4.78)
.225
Caudate
7.85 (.87)
7.42 (.98)
7.39 (1.1)
.334
†
Putamen
10.42 (1.12)
9.4 (1.32)
10.06 (1.75)
.070
Globus pallidus
3.67 (.39)
3.46 (.42)
3.48 (.43)
.267
Thalamus
16.34 (1.75)
15.62 (1.86)
15.39 (1.31)
.363
Hippocampus
7.47 (.97)
7.31 (1.03)
7.02 (.72)
.634
Amygdala
2.53 (.33)
2.46 (.36)
2.62 (.16)
.568
Nucleus accumbens
.89 (.14)
.93 (.19)
.86 (.17)
.583
Red nucleus
.19 (.03)
.18 (.03)
.17 (.03)
.541
Substantia nigra
.3 (.04)
.28 (.03)
.28 (.06)
.595
††
Pulvinar nucleus
.51 (.06)
.43 (.07)
.48 (.07)
.002
Legend: MS = multiple sclerosis, OND = other neurologic diseases; HC = healthy controls,
SDGM = subcortical deep gray matter. All normalized deep gray matter volumes are
expressed in milliliters. Differences between groups were tested for significance using
analysis of variance and the student’s t‐test. * p<.05, ** p<.01 for OND versus HC; † p<.05,
†† <p.01 for MS versus HC; ‡ p<.05, ‡‡ p<.01 for MS versus OND.

Table 5. Normal phase tissue volume (NPTV) measurements of subcortical deep gray
matter structures of healthy control subjects and patients with adolescent multiple sclerosis
or other neurologic diseases.
HC
Mean (SD)

NPTV
Adolescent MS
Adolescent OND
Mean (SD)
Mean (SD)

p

36.237 (3.666)
33.177† (4.232)
34.331 (3.77)
.081
Total SDGM
Caudate
5.957 (1.03)
5.096† (.902)
5.745 (.953)
.041
Putamen
8.981 (1.154)
7.723†† (1.343)
8.574 (1.069)
.016
Globus pallidus
2.197 (.378)
1.911 (.419)
2.003 (.351)
.107
Thalamus
9.819 (1.323)
9.458 (1.475)
8.991 (1.181)
.453
Hippocampus
6.305 (.961)
6.18 (1.014)
6.013 (1.243)
.834
Amygdala
2.154 (.335)
1.949 (.57)
2.222 (.146)
.294
Nucleus accumbens
.821 (.162)
.858 (.181)
.781 (.17)
.642
Red nucleus
.185 (.034)
.176 (.029)
.169 (.025)
.511
Substantia nigra
.266 (.051)
.233 (.045)
.24 (.045)
.146
†† ‡
Pulvinar nucleus
.464 (.058)
.355
(.077)
.435 (.061)
< .001
Legend: NPTV = normal phase tissue volume, MS = multiple sclerosis, OND = other
neurologic diseases; HC = healthy controls, SDGM = subcortical deep gray matter. All
volumes are expressed in milliliters. Differences between groups were tested using analysis
of variance and the student’s t‐test. * p<.05, ** p<.01 for OND versus HC; † p<.05, †† <p.01
for MS versus HC; ‡ p<.05, ‡‡ p<.01 for MS versus OND.
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Volume measurements of MP‐LPV yielded similar results, especially in the
pulvinar nucleus of the thalamus (Table 3 and Figure 2b). There was also a
trend for increased MP‐LPV volume in the substantia nigra (p=.060) and
caudate (p=.078). Compared to HC, the MP‐LPV volume of the pulvinar
nucleus of the thalamus (82.7%, p<.001, d=1.53) and substantia nigra (66.5%,
p=.018, d=.83) was significantly increased in MS patients. Furthermore, MS
patients also had increased MP‐LPV volume compared to OND patients in
the pulvinar nucleus of the thalamus (52.1%, p=.044, d=1.11) and caudate
(40.9%, p=.045, d=1.09). No significant MP‐LPV volume differences were
found between OND patients and HC.
As for the normalized SDGM volume measurements (Table 4), group‐wise
differences showed decreased volume of the pulvinar nucleus of the thalamus
(p=.002, Figure 2c), while there was also a trend for decreased volume of the
putamen (p=.070) in MS patients. Pair‐wise comparisons yielded significant
differences only between MS patients and HC. Decreased normalized
volumes were found in the pulvinar nucleus of the thalamus (‐15.5%, p<.001,
d=.77) and putamen (‐9.8%, p=.017, d=.83) in MS patients.
In Table 5 differences between the study groups in NPTV are shown.
Significant decreases in pulvinar nucleus of the thalamus (p<.001, Figure 2d),
putamen (p=.016) and caudate (p=.041) were found between the three study
groups, and there was a trend for a decrease in total SDGM (p=.081). Pair‐wise
comparisons of these structures yielded the following results: NPTV was
significantly decreased in MS patients in the pulvinar nucleus of the thalamus
(‐21.7%, p<.001, d=1.41), putamen (‐14.3%, p=.005, d=1.03), caudate (‐14.4%,
p=.014, d=.89) and total SDGM (‐.4%, p=.028, d=.78) compared to HC.
Compared to OND, MS patients also showed significantly lower NPTV in the
pulvinar nucleus of the thalamus (‐18.2%, p=.048, d=1.13).
In MS patients, increased T2‐LV and decreased MP‐LPV of the pulvinar
nucleus of the thalamus (r=.72, p<.001) and putamen (r=.5, p<.05) were
significantly related. Decreased MP‐LPV of the total SDGM, putamen,
amygdala and nucleus accumbens were also related to increased T1‐LV
(p<.05). Moreover, decreased NGMV was related to decreased MP‐LPV in the
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correlations were detected for NPTV (r=.65 to r=.78, p<.01) in the pulvinar
nucleus of the thalamus, putamen and amygdala.
No significant relationships between conventional (T2‐LV, T1‐LV and global
and tissue‐specific atrophy measures) or SDGM volumes and SWI MRI
measures, and clinical outcomes (disease duration and disability) were found
in the current study.

Discussion
This is the first study to investigate the characteristics of iron deposition in
the SDGM of adolescent MS patients using SWI‐filtered phase images. A
decrease in MP‐LPV (28.2%) and increase in MP‐LPV volume (82.7%) of the
pulvinar nucleus of the thalamus and other SDGM structures was observed in
MS patients, compared to HC. Furthermore, we also detected significantly
increased MP‐LPV volume in the pulvinar nucleus of the thalamus and
caudate of MS patients compared to OND patients. These findings suggest
that abnormal phase, indicative of increased iron content, is significantly
increased in the SDGM of adolescent MS patients with particular involvement
of the pulvinar nucleus of thalamus. Additionally, we found decreased NPTV
and normalized volumes in the same SDGM structures, suggesting that
occurrence of atrophy and iron deposition are closely interrelated in the early
stages of the disease in adolescent MS patients.
Several MRI techniques have been used to evaluate SDGM iron deposition in
adult patients with MS, including T2 hypointensity,17 relaxometry,18,19
magnetic field correlation20 and SWI‐filtered phase.3,21 In adult MS, SDGM T2
hypointensity was found to be a predictor of clinical progression and brain
atrophy.4,18,22 Additionally, SDGM T2 hypointensity is also present in benign
MS patients,23 as well as at first symptom onset.22,24
In this study, we used an SWI‐filtered phase approach, which applies a
complex‐space high‐pass filter to reduce the effects of non‐uniformities
throughout the images and retain only biologically relevant localized phase
shifts — the type caused by iron deposition.11,12 To further avoid
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contamination from any remaining susceptibility artifacts and improve
sensitivity, we used the MP‐LPV approach rather than histogram analysis
(focusing entirely on quantitatively abnormal areas). Similar approaches have
been employed previously in the investigation of iron deposition in adult, but
not adolescent MS patients.3,21,25–29 Use of an SWI‐filtered phase approach has
several advantages over T2 hypointensity measurements.3,11,30 SWI‐filtered
phase is an MRI technique that can visualize tissues affected by iron
deposition in the form of ferritin, deoxyhemoglobin or hemosiderin.11 Recent
SWI‐filtered phase studies showed increased iron content in a large cohort of
relapsing and progressive MS patients,3,25 as well as in those with clinically
isolated syndrome (CIS).26
Increased brain iron levels have also been observed histologically in several
neurodegenerative diseases, including MS.2 Iron deposition could be derived
from

several

sources

including

myelin,

oligodendrocyte

debris,

or

macrophages. Furthermore, such elevated iron content could potentially be
an instigator of inflammation and disease progression,18,31 possibly causing
tissue damage through the generation of hydroxyl radicals.32 In the present
study we demonstrated that excessive iron deposition is present at the
earliest stages of MS, lending credence to the notion that the aforementioned
detrimental effects could potentially cause damage and lead eventually to
disease progression.
Iron‐sensitive MRI techniques such as SWI by definition reflect indirect
measurements of brain iron levels and provide an in vivo method of
determining abnormal iron content. Histopathological post‐mortem studies
validating these techniques are emerging.12,33–36 A recent histopathological
study evaluated the ability of 7T MRI quantitative R(2)* and phase maps to
detect iron in MS patients.35 Another recent 7T MRI and histopathological
study of chronic lesions showed that negative phase shifts reflect a focal iron
accumulation in patients with MS.36 The ability of SWI‐filtered phase images
to localize and quantify brain iron content was also recently tested on five
human cadaver brains by using X‐ray fluorescence (XRF) mapping.12
Preliminary data from these studies suggest that estimation of the abnormal
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phase on SWI‐filtered phase images in specific brain structures is highly
related to iron content.
Iron content of the SDGM is known to increase during normal aging.37 Our
sample’s average age was around 15 years, presumably too young for normal
aging to have contributed significantly to iron deposition or atrophy.
However, it has to be noted that a sample of even younger, pediatric patients
could result in different outcomes. Furthermore, because the older
(reference) subjects have higher brain iron concentrations, the computation
of tissue with excessive iron deposition using the 2SD threshold leads to, if
anything, a conservative estimation of excessively abnormal phase values in
this adolescent population. It should be noted that absolute levels of MP‐LPV
in the adolescent HC group were approximately 10–15% lower than recently
reported findings in an adult sample; these findings used the identical
technique,3 suggesting that adolescent subjects present with less abnormal
phase than the adults, as expected.
Recent SWI studies showed that, in adult MS patients, iron overload is
dominant in the pulvinar nucleus of the thalamus, which is in line with our
results.3,26,27,38 We found highly significant increases in MP‐LPV volume and
decreases in the pulvinar MP‐LPV, normalized volume and NPTV of this
SDGM structure. The increased MP‐LPV volume and decreased NPTV,
normalized volume, and MP‐LPV of this region were strongly related to brain
atrophy and lesion burden MRI indices. Thalamic GM loss in adolescent MS
patients was detected in several studies.7,8 However, the findings from the
current study in adolescent MS patients, and in the recently concluded study
in CIS patients,26 suggest that significant thalamic damage is confined
specifically to the pulvinar nucleus of the thalamus at the earliest stages of
the disease. The nature of this phenomenon has to be better understood in
future studies. A number of other studies showed thalamic involvement in
patients at first clinical onset.39,40 One study estimated thalamic neuronal loss
in patients with MS using a histopathology postmortem approach, and found
that thalamic neuronal loss in MS can be substantial (30–35% reduction).41
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Several adult MS studies using different iron‐based imaging techniques
showed increased iron content in other SDGM structures such as the
putamen, globus pallidus and caudate.3,4,21,26 A recent study showed increased
T2 hypointensity in the left caudate of adolescent MS patients.10 In contrast,
our results did not show a significant difference between study groups in
caudate MP‐LPV; however, significantly increased MP‐LPV volume and
decreased NPTV were observed in this structure in MS patients when
compared to OND patients and HC. In the current study, multiple structures
showed increased iron content in MS patients, with MP‐LPV in total SDGM
decreasing by 11.2% compared to HC. This suggests that iron deposition
occurs in most structures, with a predilection for the pulvinar nucleus of the
thalamus, thalamus, caudate and putamen.
Iron deposition may be an epiphenomenon of the MS disease process or may
be related to inflammation. In a recent study, the relationship between
inflammation and iron deposition was investigated using an original animal
model labeled as “cerebral experimental autoimmune encephalomyelitis,”
which develops “CNS perivascular iron deposits”.42 It was reported that
inflammatory cell infiltrates were associated with perivascular iron deposits;
however, inflammatory cells were also observed without associated iron
deposits. These findings support a pathogenic mechanism whereby vascular
inflammation leads to consequent iron deposition. The association between
T2‐LV and T1‐LV accumulation and decreased MP‐LPV, increased MP‐LPV
volume and decreased normalized volumes and NPTV in various SDGM
structures, especially in the pulvinar nucleus of the thalamus and putamen in
our adolescent MS cohort with three years of disease duration, provides novel
information indicating that iron deposition and atrophy development in the
basal ganglia are closely related to inflammatory processes, as measured by
T2 and T1 lesion accumulation. Similarly, in a cohort of CIS patients an
association was recently found between inflammation, as measured by T2 and
gadolinium (Gd)‐enhancing lesions, and increased MP‐LPV volume and
decreased NPTV in various SDGM structures, most prominently the pulvinar
nucleus of the thalamus.26 However, in the current study, Gd contrast was not
used consistently in all patients since it was not diagnostic in nature.
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Therefore, we cannot elucidate at this time whether iron deposition is
associated with acute or more chronic inflammation in adolescent MS
patients.
It is interesting to note that no differences in whole brain, GM or WM
volumes were detected between MS patients, OND patients and HC in the
present study, suggesting that regional atrophy of specific subcortical
structures may be involved early in the MS disease process and predict
disease progression.7,9,10,24,30,39,43 It may be that increased levels of iron are
secondary to regional atrophy and inflammation. However, it must be noted
that it has been found that iron deposition in the SDGM is increased among
CIS patients, even though structure‐specific atrophy is not yet observed at
such an early disease stage.26
Using a large cohort of relapsing and progressive MS patients, it has been
shown that increased iron content in the SDGM is associated more with
disability progression than conventional MRI metrics such as lesion burden
or brain atrophy.5 Relatively minimal disability and being in an early stage of
the disease in our cohort may explain the lack of a relationship between
clinical and MRI outcomes in the present study.
There are multiple limitations in the present study that should be considered
when interpreting the current findings: 1) The sample size was relatively small
and further research with larger samples is warranted. In particular, the
limited number of OND patients enrolled in the study made comparisons
difficult with MS and HC groups. 2) Although neurovascular, neuromuscular
and neuroinflammatory OND were purposely grouped together in this study,
it is important to investigate whether iron deposition may vary between
different OND types. 3) No lesions were found in the SDGM of MS or OND
patients; however, more sensitive sequences for GM lesion detection, like
double inversion recovery (DIR), were not applied in the present study. A
recent histopathological MRI study showed relatively low sensitivity of DIR
for lesion detection in the SDGM 44. 4) No one‐on‐one age‐ and sex matching
between MS patients and HC was performed; however, those demographic
characteristics were similar between the two groups. 5) The small size of the
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pulvinar nucleus of thalamus may have potentially influenced the
reproducibility of the measurements. However, it has to be noted that in the
previous study it was shown that various measurements of SDGM structures,
including the pulvinar nucleus of the thalamus, can be reproduced with high
scan‐rescan reliability.3 In addition, all the MRI analyses were performed in
this study in a blinded fashion by a single operator.
In conclusion, we showed the presence of abnormal phase indicative of
excessive iron levels in the SDGM in adolescent MS patients using SWI‐
filtered phase. The SDGM, and especially pulvinar nucleus of thalamus, are
affected in early onset MS.
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3.3

Gray matter SWI‐filtered phase
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Abstract
The association between clinical outcomes and abnormal susceptibility‐
weighted imaging (SWI)‐filtered phase, indicative of increased iron content,
as well as atrophy, was investigated in the subcortical deep‐gray matter
(SDGM) of multiple sclerosis (MS) patients. 149 relapsing‐remitting (RR) and
61 secondary‐progressive (SP) MS patients underwent SWI on a 3T scanner.
Mean phase of low phase voxels (MP‐LPV) and normalized volumes were
determined for the total and region‐specific SDGM structures. In an age‐ and
gender adjusted regression model, total SDGM volume was the strongest
predictor of Expanded Disability Status Scale (EDSS) (beta = ‐.224, p<.001),
followed by total SDGM MP‐LPV (beta = ‐.168, p<.019). This model accounted
for 30.4% of the variance in EDSS. Only SDGM MP‐LPV added additional
variance in predicting EDSS, compared to conventional MRI metrics. Caudate
and red nucleus MP‐LPV and amygdala volume were associated with EDSS.
Our findings suggest that disability in MS patients is associated better with
SDGM pathology, as indicated by increased iron content and atrophy, than
with lesion burden or white matter and cortical volumes.
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Introduction
Although multiple sclerosis (MS) is considered historically as a white matter
(WM) disease, abnormalities in the gray matter (GM) are consistently
reported in both the cerebral cortex and subcortical deep GM (SDGM) brain
structures.1 Mounting evidence suggests that GM pathology may play a more
important role in predicting clinical outcomes in MS patients than WM
damage.2,3
Over the last decade, efforts have been made to develop novel MRI
techniques that are able to quantitatively measure a wide spectrum of GM
pathology. Histopathological and MRI studies have found increased iron
deposition in the SDGM of individuals with any of several neurodegenerative
disorders, including MS.4‐8 Studies have shown a relationship between
increased level of iron content and clinical progression, cognitive
impairment, and brain atrophy in MS patients.5,9‐12 The underlying
pathological mechanisms of iron deposition in MS patients are unknown;
however, it is thought that iron may be derived from myelin/oligodendrocyte
debris, destroyed macrophages, or it can be the product of hemorrhaging
from damaged brain vessels.8,3,14
The most frequent approach for visualizing iron deposition in vivo is to
measure the level of hypointensities on T2‐weighted imaging (WI) in SDGM.
It is thought that increased iron content causes shortening of T2‐relaxation
time.5,7,15 Studies using a T2 hypointensity approach have found increased
iron content in SDGM areas, such as the caudate, thalamus, putamen, globus
pallidus, dentate and red nucleus, and an association between elevated levels
of iron with disease duration, disability and cognitive dysfunction.5,10,11,16,17
However, the main drawback of T2‐based approaches is insufficient
sensitivity to detect changes in paramagnetic substances and water
content.8,9,14
Paramagnetic substances such as deoxyhemoglobin, ferritin and hemosiderin
have the ability to change the local magnetic field, thereby influencing the
frequency, or phase, of proton spin. By using the phase component of MRI
acquisition, valuable information is gained from the contents of paramagnetic
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substances in voxels. Tissues differ in their susceptibility to phase effects,
giving rise to a new form of contrast enhancement. Recently, susceptibility‐
weighted imaging (SWI) has been used to identify the characteristics of iron
depositions in MS patients.18‐21 The SWI‐filtered phase approach7,21 employs a
complex‐space high‐pass filter in order to retain only localized phase shifts –
the type most likely caused by iron deposition.22
In this study, we used the SWI‐filtered phase and atrophy approach to
investigate characteristics of SDGM pathology in a large cohort of MS
patients. We sought to investigate the relationship between abnormal SDGM
phase, indicative of increased iron content, and atrophy, with clinical
outcomes. We aimed to determine whether SDGM pathology, as determined
by abnormal phase and atrophy can add independent variance in predicting
disability, compared to lesion burden or white matter and cortical volumes.

Methods
Subjects
Two‐hundred ten (210) consecutive MS patients ([149] relapsing‐remitting
[RR] and 61 secondary progressive [SP]) were consecutively enrolled. Subjects
underwent full neurological assessment, including determination of the
Expanded Disability Status Scale (EDSS) status.23 Inclusion criteria were: age
18‐65 years, RR or SPMS disease course,24 and EDSS between 0 and 6.5.
Participants were excluded if they had a relapse or were treated with steroids
within the month preceding study entry, were pregnant, or had any pre‐
existing medical conditions known to be associated with brain pathology (i.e.,
cerebrovascular disease). This study was approved by the internal
Institutional Review Board and written informed consent was obtained from
all participants.
Image acquisition
Subjects were examined using a 3T GE Signa Excite HD 12.0 Twin Speed 8‐
channel scanner (General Electric, Milwaukee, WI). SWI data was collected
using a 3‐Dimensional (3D) flow‐compensated GRE (Gradient Recalled Echo)
sequence with the following parameters: 64 locs/slab, 2mm thick, a 512x192
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matrix, FOV=25.6cmx 19.2cm (512x256 matrix with PhaseFOV=0.75), for an
in‐plane resolution of 0.5mm x 1mm. Flip angle, echo‐, and repetition times
were: FA=12, TE=22ms, and TR=40ms, for a total acquisition time of AT=8:46.
Raw (k‐space) data was transferred to an offline Linux workstation for post‐
processing using in‐house developed software written in Matlab (MathWorks
Inc., Natick, MA, USA).
Additionally, the following sequences were acquired: 2D multi‐planar dual
fast spin‐echo (FSE) proton density (PD) T2‐WI (TE1/TE2/TR=9/98/5300ms;
FA=90;

ETL=14);

Fluid‐Attenuated

Inversion‐Recovery

(FLAIR)

(TE/TI/TR=120/2 100/8 500 ms; FA=90; ETL=24); 3D high resolution (HIRES)
T1‐WI using a fast spoiled gradient echo (FSPGR) with magnetization‐
prepared inversion recovery (IR) pulse (TE/TI/TR=2.8/900/5.9 ms, FA=10);
and spin echo (SE) T1‐WI (TE/TR=16/600 ms, FA=90). In plane resolution of
all scans, with the exception of SWI, was 1mm x 1mm. For All 2D scans
(PD/T2, FLAIR and SE T1), 48 slices were collected, with a thickness of 3mm,
and no gap between slices.
Image analyses
Analyses were performed by operators who were unaware of the participants’
disease subtypes. SDGM structures were segmented using a combination of
semiautomated edge‐contouring and FMRIB's fMRI integrated registration
and segmentation tool (FIRST) on 3D T1‐WI.25 Specifically, the thalamus,
caudate, putamen, globus pallidus, hippocampus, amygdala, and nucleus
accumbens were identified in this way.26 Structures not identifiable by FIRST,
such as the red nucleus, pulvinar nucleus of the thalamus, and substantia
nigra, were identified semiautomatically using JIM5 (Xinapse Systems Ltd.,
Northamptonshire, UK) on the most representative slice for each subject.26
A detailed overview of SWI processing, analysis approach and validation is
provided elsewhere.21 Abnormal phase was defined as a measure of the degree
of phase decrease for voxels with mean phase values at least two standard
deviations below the mean value found in the same regions of healthy control
subjects, as previously described.21 Mean phase values of sub‐threshold voxels
indicative of abnormal iron content was calculated to yield the mean phase of
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low phase voxels (MP‐LPV). Lower (more negative) MP‐LPV values represent
increased iron content within a region. Mean values are presented in radians.
Global and regional brain atrophy was determined with corrections for T1‐
hypointensity misclassification using an in‐house developed in‐painting
program, on the 3D T1 weighted scans, as described previously.27 Normalized
cortical volume (NCV) and normalized white‐matter volume (NWMV) were
calculated with SIENAX version 2.6.28 Normalized volumes were obtained for
all SDGM structures with FIRST.26
T2 hyperintense and T1 hypointense lesion volumes (LVs) were outlined using
a semi‐automated edge detection contouring‐thresholding technique.29
Statistical analysis
Analyses were conducted using PASW Statistics version 18.0.2 (IBM Corp.,
Somers, NY, USA). Differences between disease types on demographic,
clinical and conventional MRI characteristics were assessed using the chi‐
square test, Student’s t‐test and Mann‐Whitney U test, as appropriate.
Comparisons between RR and SPMS patients on SDGM MP‐LPV and
normalized volumes were performed using the Mann‐Whitney U test.
To decrease the number of variables and amount of multiple comparisons in
subsequent analyses, SDGM structures were consolidated into the total
SDGM variable. To determine the relationship between MRI measures and
clinical outcomes (EDSS and disease duration), we employed Spearman’s
rank correlation analyses. MRI measures that were significantly related to
clinical outcome measures in univariate analyses (p<.05) were added to a
backward stepwise regression model. This was done to determine the relative
predictive value of the variables on clinical outcomes. All models were
adjusted for age and gender, and repeated for RR and SPMS patients
separately. Additionally, predictor variables were tested for multicollinearity.
T1‐ and T2‐LVs were strongly correlated (Spearman rho=.84). However, both
variables were retained in all models, because the variance inflation factor, a
measure of multi‐collinearity, remained < 4 in all regression models.
Furthermore, T1‐ and T2‐LVs were not normally distributed as determined by
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the Shapiro‐Wilks test (p<.001) and were, therefore, logarithmically
transformed to improve normality. Variables were stepwise‐excluded until
remaining variables displayed significance at the p<.1 level.
In additional backward stepwise regression analyses, conventional MRI
measures (T1‐LV, T2‐LV, NCV, and NWMV) were forced into the model,
whereas SDGM MP‐LPV and normalized volumes could be excluded readily if
non‐significant. The purpose of this model was to test whether SDGM MP‐
LPV and normalized volumes could significantly improve on a model
containing all conventional MR measures, thereby explaining additional
variance compared to those conventional measures. Similar to the
aforementioned regression models, age and gender were added as covariates.
Subsequently, analyses were repeated separately for RR and SPMS groups.
To investigate, in an exploratory fashion, which of the SDGM structures could
best predict clinical outcome, we carried out additional stepwise regression
models, entering all SDGM structures as predictor variables while including
age and gender as covariates. All findings were tested using two‐tailed tests.

Results
Demographic and clinical characteristics
As shown in Table 1, RR and SPMS patients had an equal proportion of males
to females (p=.93), and age at onset (p=.286). Median EDSS was 3.0 and mean
disease duration and age were 14 and 47 years, respectively. Females
accounted for the majority of subjects (71%). As expected, SP patients were
older, had longer disease duration and higher EDSS (p<.0001). Lesion volumes
(T1‐LV, T2‐LV) were higher among SP patients (p<.01). In addition,
progressive MS patients had significantly decreased NCV (p<.001), but not
NWMV (p=.052). Of the 210 MS patients, 179 (85.6%) were on disease‐
modifying therapy.
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Table 1. Demographic, clinical and conventional MRI characteristics in MS patients.
MS
RR
SP
p
(n=210)
(n=149)
(n=61)
Females, n (%)
149 (71%)
106 (71.1%)
43 (70.5%)
.93
Age in years, mean (SD)
47.1 (10.3)
43.9 (9.5)
54.9 (7.9)
<.001
Age of onset, mean (SD)
32.6 (9.2)
32.1 (8.8)
33.6 (10.3)
.286
Disease duration in years, mean (SD)
14.5 (9.8)
11.7 (7.5)
21.2 (11.5)
<.001
EDSS, mean (SD) median
3.5 (2.1) 3
2.6 (1.6) 2
5.6 (1.5) 6
<.001
T2 lesion volume, mean (SD)
17.2 (18.4) 15 (16.5)
22.5 (21.5)
.004
T1 lesion volume, mean (SD)
3.3 (6.6)
2.3 (4)
5.5 (10.0
.003
Normalized cortical volume, mean (SD) 660 (55.9) 671.7 (54.6)
631.7 (48.7)
<.001
Normalized WM volume, mean (SD)
738 (58)
743.8 (58.5)
722.8 (54.7)
.052
Abbreviations: MS = multiple sclerosis; RR = relapsing‐remitting; SP = secondary
progressive; EDSS = Expanded Disability Status Scale. All lesion and brain volumes are
expressed in milliliters. Differences between RR and SPMS groups were tested using the chi‐
square test, Student’s t‐test and the Mann‐Whitney U test, as appropriate.

Differences between disease subtypes
Decreased MP‐LPV was observed in SP patients in total SDGM (p<.001),
putamen (p<.001), caudate (p=.002) and the red nucleus (p=.01), as shown in
Table 2. Decreased volumes in several SDGM structures were noticeably more
extensive in progressive MS patients (Table 2). In particular, the caudate,
thalamus, pulvinar nucleus of thalamus, amygdala, nucleus accumbens, and
hippocampus were all significantly lower in SP patients at the p<.01 level.
Relationship between MRI measures and clinical outcomes
Significant relationships were found in MS patients between the total SDGM
MP‐LPV and volume, NCV, NWMV, T2‐ and T1‐LVs (p<.01) with EDSS and
disease duration. Correlations were stronger for RR compared to SPMS
patients.
Regression analyses
Backward stepwise regression analysis showed that, after adjusting for age
and gender, none of the MRI variables were included in the model, and could
predict disease duration (Table 3). Total SDGM volume was the strongest
predictor of EDSS (beta = ‐.224, p<.001), followed by total SDGM MP‐LPV
(beta = ‐.168, p<.019). This model accounted for 30.4% (adjusted R2 = .304) of
the variance in EDSS. Subsequent analyses according to disease type showed
that in RR patients, total SDGM MP‐LPV was retained in the model
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predicting disease duration. Total SDGM volume, MP‐LPV and NCV were
included in the model predicting EDSS. However, in SP patients none of the
MRI measures were preserved.
Table 2. Comparison of SDGM MP‐LPV and volume structures between RR and SPMS
patients.
MP‐LPV
SDGM volume
RR
SP
p
RR
SP
p
(n=149)
(n‐61)
(n=149)
(n‐61)
Total SDGM
‐.156 (.020)
‐.172 (.031)
<.001
42.71 (4.89) 39.74 (5.15) <.001
Caudate
‐.178 (.019)
‐.186 (.02)
.002
6.57 (1.01)
6.08 (.84)
.002
Putamen
‐.186 (.032)
‐.209 (.044) <.001
9.02 (1.27)
8.45 (1.31)
.012
Globus Pallidus ‐.196 (.035)
‐.204 (.038) .178
3.29 (.49)
3.10 (.58)
.034
Thalamus
‐.099 (.014)
‐.102 (.018)
.662
13.93 (1.70)
12.85 (1.89) <.001
Pulvinar
‐.157 (.030)
‐.152 (.035)
.095
.37 (.12)
.33 (.09)
.004
nucleus
Amygdala
‐.207 (.064)
‐.242 (.117)
.099
2.34 (.36)
2.16 (.45)
.009
Accumbens
‐.75 (.226)
‐.809 (.282) .242
.74 (.21)
.63 (.18)
.001
Red Nucleus
‐.238 (.033)
‐.252 (.038) .010
.17 (.05)
.16 (.03)
.029
Substania Nigra ‐.322 (.039)
‐.328 (.042) .331
.29 (.09)
.27 (.04)
.013
Hippocampus
‐.159 (.036)
‐.175 (.054) .149
6.79 (.81)
6.44 (.83)
.003
Abbreviations: MP‐LPV = mean phase of low phase voxels; SDGM = subcortical deep gray
matter; RR = relapsing‐remitting; SP = secondary progressive. MP‐LPV is expressed in
radians. All normalized deep GM volumes are expressed in milliliters. Differences between
groups were assessed using the Mann‐Whitney U test.
Table 3. Backward stepwise regression between MRI variables and clinical outcomes.
Disease duration1
EDSS2
Beta
p
Beta
p
.577
<.001
.370
<.001
Age
Gender
‐‐‐
‐‐‐
‐‐‐
‐‐‐
Total SDGM MP‐LPV
‐‐‐
‐‐‐
‐.168
.019
Total SDGM volume
‐‐‐
‐‐‐
‐.224
.001
T2‐LV
‐‐‐
‐‐‐
‐‐‐
‐‐‐
T1‐LV
‐‐‐
‐‐‐
‐‐‐
‐‐‐
NCV
‐‐‐
‐‐‐
‐‐‐
‐‐‐
NWMV
‐‐‐
‐‐‐
‐‐‐
‐‐‐
Abbreviations: EDSS = Expanded Disability Status Scale; SDGM = subcortical deep gray
matter; MP‐LPV = mean phase of low phase voxels; LV = lesion volume; NCV = normalized
cortical volume; NWMV = normalized white matter volume. Effect sizes representing the
variance explained by the outcome variables: 1 adjusted R2 = .329, 2 adjusted R2 = .304.
The models were adjusted for age and gender.
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Table 4. Backward stepwise regression between total SDGM variables and clinical
outcomes, when conventional MRI measures are added to the model.
Disease duration1
EDSS2
Beta
p
Beta
p
Age
.562
< .001
.297
< .001
Gender
‐‐‐
‐‐‐
‐‐‐
‐‐‐
Total SDGM MP‐LPV
‐‐‐
‐‐‐
‐.175
.016
Total SDGM volume
‐‐‐
‐‐‐
‐‐‐
‐‐‐
T2‐LV
.144
.241
.019
.883
T1‐LV
‐.138
.269
.124
.334
NCV
.007
.928
‐.133
.110
NWMV
‐.102
.146
‐.066
.356
Abbreviations: EDSS = expanded disability status scale; SDGM = subcortical deep gray
matter; MP‐LPV = mean phase of low phase voxels; LV = lesion volume; NCV = normalized
cortical volume; NWMV = normalized white matter volume. Effect sizes representing the
variance explained by the outcome variables: 1 adjusted R2 = .328, 2 adjusted R2 = .326.
Increase in effect size compared to models including only conventional MRI measures: 1
adjusted R2 increase = ‐‐‐, 2 adjusted R2 increase = .049. The models were adjusted for age
and gender.

Table 5. Backward stepwise regression between region‐specific SDGM structures and
clinical outcomes.
EDSS2
Disease duration1
Beta
p‐value Beta
p‐value
Age
.522
<.001
.450
<.001
Amygdala
MP‐LPV
‐.142
.012
‐‐‐
‐‐‐
Thalamus
Volume
‐.130
.027
‐‐‐
‐‐‐
Caudate
MP‐LPV
‐‐‐
‐‐‐
‐.133
.026
Amygdala
Volume
‐‐‐
‐‐‐
‐.270
<.001
Red nucleus
MP‐LPV
‐‐‐
‐‐‐
‐.131
.023
Abbreviations: EDSS = Expanded Disability Status Scale; MP‐LPV = mean phase of low
phase voxels. Effect sizes representing the variance explained by the outcome variables: 1
adjusted R2 = .371, 1 adjusted R2 = .354. The models were adjusted for age and gender.
Measurement

Additional backward stepwise regression analyses were performed to
determine whether total SDGM MP‐LPV or volume can explain additional
variance in predicting clinical outcomes when compared to conventional MRI
measures (Table 4). T1‐ and T2‐LVs, NCV and NWMV were forced in the
model regardless of significance, whereas the total SDGM variables were only
included if significant at the p<.1 level. In predicting disease duration, neither
total SDGM MP‐LPV nor volume were retained in the model. However,
SDGM MP‐LPV was retained in the model predicting EDSS (beta = ‐.175,
p=.016). The addition of this variable to the model caused an increase in the
explained variance of 4.9% (adjusted R2 = .049) for EDSS. Analyses were
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repeated for disease subtypes separately. In RR patients, both variables were
retained in predicting disease duration, with total SDGM volume being the
strongest predictor. Total SDGM volume was the only MRI variable included
in the model predicting EDSS. Neither total SDGM MP‐LPV nor volume was
retained in either model predicting the clinical outcome among SP patients.
Additional analyses shed more light on which SDGM structures predicted
clinical outcomes (Table 5). After adjusting for age and gender, amygdala
(beta = ‐142, p=.012) MP‐LPV and thalamus (beta = ‐.130, p=.027) volumes
were able to predict disease duration, while caudate (beta = ‐.133, p=.026) and
red nucleus (beta = ‐.131, p=.023) MP‐LPV, and amygdala (beta = ‐.270, p<.001)
volumes significantly predicted EDSS.

Discussion
In this study, we investigated how the pathology of SDGM, as measured by
two different MRI techniques, is associated with clinical outcomes in a large
cohort of RR and SPMS patients. Using SWI‐filtered phase data, we computed
the MP‐LPV as a biomarker of abnormal iron content.21 One of the key
findings of this study is that SDGM pathology, as measured by increased
abnormal phase and volume, was better associated with disability, as
measured by EDSS, than conventional MRI metrics. Furthermore, MP‐LPV
explained additional variance in predicting EDSS, compared to conventional
MRI measures. We showed that both the MP‐LPV and volume of various
SDGM structures were significantly lower in SP than in RRMS patients,
indicating that apparent increased iron content and advanced atrophy occur
at a faster rate in progressive MS patients.
Increased iron deposition has been previously reported in SDGM of MS
patients by using histopathological techniques,4,6 as well as by using iron‐
sensitive MRI sequences like T2 relaxometry,12 T2 hypointensity,10,16,30
magnetic field correlation31 and SWI.18‐21 More severe atrophy of the SDGM
structures was also consistently found in MS patients.26,32‐36
However, to the best of our knowledge, this is one of the first studies
performed with a large cohort of MS patients that investigated how SDGM
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pathology is related to clinical outcomes, when adjusting for other cortical
and WM volumes, and lesion burden measures. Moreover, we are not aware
of a study that used both iron measures and atrophy of SDGM to explore a
relationship with clinical outcomes. Our results indicate that SDGM
abnormal phase and decreased volume explained physical disability, as
measured by EDSS, better than WM or cortical volumes, as well as T2‐ or T1‐
LVs. Previous studies have mostly emphasized the importance of global or
cortical GM atrophy in MS.2,3 However, our findings suggest that even though
cortical GM damage appears important, SDGM pathology may be even more
relevant for the clinical manifestation of MS. It is important to note that
SDGM MP‐LPV was able to explain additional variance in EDSS, over and
above conventional lesion burden and GM or WM atrophy measures (Table
4). This suggests that abnormal phase, indicative of increased iron content, in
SDGM is clinically relevant. Therefore, measurement of iron deposition in
SDGM structures of MS patients on SWI‐filtered phase images may become
an important biomarker for monitoring of the disease process and
therapeutic responses.21 Abnormal phase, as determined using the novel SWI‐
filtered phase technique, can potentially capture iron content and predict the
extent of SDGM atrophy more accurately than other available imaging
techniques such as T2 hypointensity, which have several drawbacks, such as
being sensitive to a range of tissue changes other than iron.7,21
Additional stepwise regression analyses were carried out to explore which
specific SDGM structures may contribute to more severe clinical outcomes.
These analyses showed that both MP‐LPV and volume measures of various
SDGM structures were retained by the model and could predict disease
duration and EDSS (Table 5). The caudate, thalamus, red nucleus and
amygdala accounted for most of the variance. Damage and iron deposition of
these SDGM structures have often been observed in MS, and appear to be
related to fatigue, disease duration, physical disability, and cognitive and
memory impairment.5,10,11,16,17,37,38 However, it remains unknown to which
extent associations with clinical outcomes are causal.
Whether iron deposition is an epiphenomenon of the MS disease process or
may play a primary role in triggering inflammation and disease development
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remains unclear at this time, and should be studied at the early stages of
disease pathogenesis.39 One hypothesis postulates that iron accumulation in
the brain can lead to neurodegeneration by the formation of toxic free
radicals, resulting in oxidative stress.8,14,40 Another plausible explanation is
that iron is merely a marker of past breakdown of myelin and
oligodendrocytes, which are known to have high iron concentrations.41
Demyelination and axonal loss are known to be most extensive in the
progressive stages of MS, which is in line with our findings, as we found
significantly increased SDGM abnormal phase and decreased volumes in SP
compared to RRMS patients.
Brain atrophy, especially GM atrophy, correlates better with physical
disability than conventional MRI measures.1‐3 Our findings support the view
that GM atrophy is more associated with physical disability than lesion
measures.1 However, by separating SDGM from cortical GM we were able to
better examine the contribution of GM damage to physical disability. In fact,
this is one of the first studies showing that SDGM pathology is associated
more closely with physical disability than lesion or cortical volume
measurements. Nevertheless, use of more specific MRI sequences, like double
inversion recovery, can increase the ability to capture part of lesion GM
pathology in vivo.1 The NWMV was not retained in regression models,
confirming findings from previous studies.2,3
A potential limitation is in the identification of the SDGM structures. We
employed both FIRST and JIM5 to segment these structures, as has been
previously reported and validated.21 However, using two automated and semi‐
automated approaches of segmenting the SDGM may influence data
heterogeneity with respect to the precision of volume measurements in
relation to the red nucleus, substantia nigra and the pulvinar nucleus of
thalamus. The previous study showed similar reproducibility between the
FIRST and JIM5 segmented SDGM structures.21 As expected, more severe
SDGM abnormal phase and atrophy were found in the SP group, but more
robust association models with clinical outcomes were detected in RRMS
patients. Age and sex were included as confounders in all regression models.
This result could be explained by the fact that in progressive MS patients

108 | Chapter 3

more severe SDGM abnormal phase and atrophy are more uniformly
distributed, given little regression variation with respect to clinical outcomes.
In conclusion, our results showed that, in a large sample of RR and SPMS
patients, SDGM pathology, as measured by increased iron deposition and
more advanced atrophy, explains physical disability better than conventional
MRI measures. Further longitudinal studies are warranted to determine the
value of SDGM pathology, as a potential biomarker in MS clinical trials.
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Abstract
Purpose: To investigate phase lesions identified on susceptibility‐weighted
imaging (SWI)‐filtered phase images in patients with multiple sclerosis (MS),
clinically isolated syndrome (CIS) and healthy controls (HC). To relate phase
lesion characteristics to other clinical and MRI outcomes.
Materials and Methods: 95 relapsing‐remitting (RR), 40 secondary‐
progressive (SP) MS patients, as well as 19 CIS patients and 49 age‐ and sex‐
matched HC, were scanned on a 3T scanner. Phase‐, T1‐, and T2‐lesion
characteristics were determined. Overlap of T1‐ and T2‐weigthed imaging
(WI) lesions with phase lesions (T1P and T2P), as well as brain atrophy
outcomes, was assessed.
Results: MS patients showed significantly greater numbers and larger
volume of phase lesions, compared with HC (p<0.001). 23.6% of T2 lesions
overlapped with phase lesions, whereas the same figure for T1 lesions was
37.3%. Conversely, 33.4% and 69.7% of phase lesions were not visible on T2‐
or T1‐WI, respectively. Phase, T1P and T2P lesions were not related to clinical
outcomes, but phase lesions were related to ventricular enlargement.
Conclusion: Phase lesions were present in both MS and CIS patients, and
showed partial overlap with lesions observed using conventional MRI. The
role of phase lesions in clinical progression remains unclear and should be
further explored.
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Introduction
Iron plays an essential role in normal neurobiological functioning such as
neurotransmitter synthesis and myelin production.1,2 Its levels are found to be
elevated in numerous neurological disorders, including multiple sclerosis
(MS).1,3‐6 Pathogenesis of neurodegenerative disorders may be influenced by
iron through the promotion of oxidative stress, subsequently leading to tissue
damage.3,7 In addition, increased deposition of non‐heme iron in
predominantly the basal ganglia, is also related to the normal aging process.8,9
Whether iron deposition is an epiphenomenon of the MS disease process, or
may play a primary role in disease development, remains unclear at this time.1
T2‐ and T2*‐weighted imaging (WI) have been proposed as a means for
indirectly observing increased iron deposits. Iron deposition has been found
in and around lesions and deep gray matter (GM) of MS patients 10‐14. Studies
have shown correlations between iron deposition and clinical progression, 15,16
cognitive impairment,17 and brain atrophy.15,16,18 However, T2‐WI based
approaches are rather nonspecific, and can also signal changes in water
content.1 Moreover, these approaches are not sensitive enough to detect iron
deposition in the form of well‐defined lesions.6 Recently, more advanced
techniques, such as relaxation time mapping,19,20 magnetic field correlation,21
and susceptibility‐weighted imaging (SWI)5,18,22 have been proposed to assess
brain iron levels.
SWI is a new neuroimaging technique which involves the use of both
magnitude and phase images to generate a unique contrast, based on tissue
magnetic susceptibility differences.6,23,24 Paramagnetic substances such as
ferritin, hemosiderin, and deoxyhemoglobin change the local magnetic field,
thereby influencing the phase of proton spin.6,23 SWI‐filtered phase
approaches have been shown to be highly sensitive to iron, giving rise to a
novel in vivo method of indirectly measuring deposition.25,26 Investigators
have used SWI in MS research to get a better understanding of iron in deep
GM,5,27 lesions,6,28 and cerebral veins.22,29
In this study, we investigated the number, volume, and indirectly the iron
content of phase lesions, using SWI‐filtered phase, as well as their overlap

118 | Chapter 4

with lesions identified on conventional T1‐ and T2‐WI, in a large sample of
MS and clinically isolated syndrome (CIS) patients, and healthy controls
(HC). We also aimed to explore the relationship between these lesion
measures and clinical and other conventional MRI outcomes in patients with
MS.

Materials and Methods
Subjects
This study included 135 consecutive patients with MS, 95 (70.4%) with
relapsing‐remitting (RR) and 40 (29.6%) with secondary‐progressive (SP) MS,
as well as 49 age‐ and sex‐matched HC. Additionally, 19 consecutive CIS
patients were recruited. HC were recruited from volunteers who had a normal
neurological examination without a history of neurologic or psychiatric
disorders. Additionally, MS patients were excluded if they had a pre‐existing
medical condition associated with brain pathology or were pregnant.
Moreover, 5 MS patients and 5 HC were used to test scan–rescan
reproducibility of SWI‐filtered phase lesion measurements. The study
protocol received approval from the local Institutional Review Board and all
participants gave their written informed consent before examination.
MRI Acquisition
Scans were acquired on a 3 Tesla GE Signa Excite HD 12.0 (General Electric,
Milwaukee, WI). A multi‐channel head and neck (HDNV) coil was used.
In addition to SWI, the following sequences were acquired: two‐dimensional
(2D) multi‐planar dual fast spin‐echo (FSE) proton density (PD) and T2‐
weighted image (WI); Fluid‐Attenuated Inversion‐Recovery (FLAIR); 3D high
resolution (HIRES) T1‐WI using a fast spoiled gradient echo (FSPGR) with
magnetization‐prepared inversion recovery (IR) pulse and spin echo (SE) T1‐
WI. All scans were prescribed parallel to the subcallosal line in an axial‐
oblique orientation. One average was used for all sequences.
SWI was acquired using a 3D flow‐compensated GRE sequence with 64
locations, 2mm thickness, a 512 × 192 matrix, FOV = 25.6 cm × 19.2 cm (512 ×
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256 matrix with Phase FOV = 0.75), for an in‐plane resolution of 0.5 mm × 1
mm, flip angle FA = 12, echo and repetition time TE/TR = 22/40 ms, for an
acquisition time AT = 8:46 min:s. All other sequences were obtained with a
256 × 192 matrix (freq × phase), field‐of‐view (FOV) of 25.6 cm × 19.2 cm (256
× 256 matrix with Phase FOV = 0.75), for an in‐plane resolution of 1 mm ×
1mm. For all 2D scans (PD/T2, FLAIR and SE T1), 48 slices were collected,
with a thickness of 3 mm, and no gap between slices. For the 3D HIRES IR‐
FSPGR, 184 locations were acquired, 1 mm thick, providing for isotropic
resolution. Relevant parameters for the dual FSE PD/T2 were TE1/TE2/TR =
9/98/5300ms, with an FA = 90, and echo train length ETL = 14. Relevant
parameters for FLAIR were TE/TI/TR = 120/2 100/8 500ms (inversion time,
TI), FA = 90, ETL = 24; and for SE T1‐WI, TE/TR = 16/600ms, FA = 90; for 3D
HIRES T1‐WI, TE/TI/TR = 2.8/900/5.9ms, FA = 10.
MRI Analysis
All analyses were carried out by operators who were blinded to subjects'
disease status.
SWI‐Filtered Phase Lesion Analysis
SWI images were reconstructed as previously proposed.6,24 Multi‐channel
Raw (k‐space) data was postprocessed at an offline Linux (RedHat, Inc.,
Raleigh, NC) workstation using custom developed software coded in Matlab
(MathWorks Inc., Natick, MA). Because an HDNV coil was used to allow for
easier acquisition of the neck without repositioning, some channels were
necessarily eliminated because they were not ideal for SWI reconstruction.
Standard inverse fast Fourier transform (IFFT) operations were carried out,
projecting the images from k‐space into image space. Next, because the
coverage of individual channels varied spatially, the phase values of each
channel were weighted according to the mean phase values of their
centermost voxels.
The resulting normalized SWI‐processed phase image was used for assessing
phase values in subsequent analyses. Using this normalized phase image, the
large, low‐frequency background phase components were eliminated by using
a 64 × 64 Hanning‐shaped high‐pass filter, as proposed by Haacke et al.6 The
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Lesion Measures
T2‐ and T1‐lesion volumes (LV) were measured using a semi‐automated edge
detection contouring/thresholding technique, described previously.31 The
spatial overlap maps between phase lesions and T2‐ and T1‐lesions were
calculated and labeled as those phase lesions that overlapped with T2 lesions
(T2P) and T1 lesions (T1P). These measures were used to calculate the
percentage of overlapping lesions relative to T2‐ and T1‐lesions, as well as the
percentage of phase lesions unique to phase imaging. The mean phase values
were calculated for each lesion subtype and the values are represented in
radians.
To evaluate the scan–rescan reproducibility of phase lesions and its subtypes,
a sample of 5 MS patients and 5 HC were scanned twice one week apart. The
protocol and post‐processing analyses were identical in both scans. The
analysis was performed in a blinded manner.
Atrophy Measures
The SIENAX cross‐sectional software tool was used, with correction for T1‐
hypointensity
segmentation.

misclassification,
32

for

brain

extraction

and

tissue

We acquired and used normalized volume measures of the

whole brain, GM, white matter, and lateral ventricles, as described
previously.33
Statistical Analyses
Analyses were conducted using PASW Statistics, version 18.0.2 (IBM Corp.,
Somers, NY). The differences in demographic characteristics between the
groups were assessed using the Student's t‐test and Chi‐squared test,
respectively. Nonparametric tests were used when clinical data and MRI
distributions were not normally distributed as determined by the Shapiro‐
Wilk test (p< 0.05). Differences in lesion characteristics between MS and HC
groups were assessed using the Mann‐Whitney U‐test, whereas multiple
group comparisons of RR, SP, and CIS groups was conducted with the
Kruskal‐Wallis test. Spearman correlation coefficient was used to assess the
relationship between lesion measures and clinical and MRI parameters.
Sensitivity and specificity were determined for the classification of MS and
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HC using T2, T1, phase, T2P, and T1P lesions. To correct for multiple
comparisons, a nominal p‐value of <0.01 was considered significant using
two‐tailed tests. The scan–rescan reproducibility of SWI‐filtered phase lesions
was evaluated using intra‐class correlation coefficients (ICC).

Table 1. Demographic, clinical and MRI characteristics of multiple sclerosis patients and
healthy controls.
MS
(N=135)
101 (74.8)

HC
(N=49)
33 (67.4)

46.7
(10.2)
35.7 (9.4)
14.6 (9.8)

43.5
(12.5)
‐‐‐
‐‐‐

‐‐‐
‐‐‐

.3
(.6)
0
3.5
(2.2)
3.0

‐‐‐

‐‐‐

‐‐‐

‐‐‐

Months on
medication

46.2
(45.6)

‐‐‐

‐‐‐

17.9
(34.2)

46.7 (46.1)

45 (45)

.001

NBV in cm3

1532.9
(97.8)
802.5
(65.3)
741.8
(55.8)
38.3
(18.4)

1607.9
(96.5)
848.9
(76.7)
759.0
(69.5)
27.9
(13.0)

<.001

1620.2
(47.0)
842.4
(381.4)
761.6
(50.6)
25.4
(9.5)

1551.4
(95.3)
810.4
(63.2)
748.4
(55.0)
33.8 (15.4)

1489.0
(90.3)
780.4
(66.8)
723.5
(54.6)
48.9
(20.5)

<.001

Gender, female, N
(%)
Age in years
Age at diagnosis
Disease duration
(yrs)
Relapses within
last year, mean
(SD) median
EDSS, mean,
(SD), median

NGMV in cm3
NWMV cm3
NLVV in cm3

p
.314
.103

<.001
.109
<.001

CIS
(N=19)
14 (73.7)

RR
(N=95)
69 (72.6)

SP
(N=40)
32 (80)

p

37.7
(10.2)
36.3 (9.8)
1.8
(3.1)
.1
(.3)
0
1.0
(.08)
1.0

43.3 (9.8)

54.7 (6.0)

<.001

34.7 (9.2)
11.3 (7.6)

38.2 (9.6)
22.4 (10.3)

.142
<.001

.3 (.7) 0

.18 (.5) 0

.12

2.40 (1.4) 5.9
2.0
6.0

.664

(1.3) <.001

<.001
.019
<.001

Legend: MS=multiple sclerosis, HC=healthy controls, CIS=clinically isolated syndrome,
RR=relapsing‐remitting, SP=secondary‐progressive, cm3=cubic centimeter, EDSS=Expanded
Disability Status Scale, NBV=Normalized brain volume, NGMV=Normalized gray matter
volume, NWMV=Normalized white matter volume, NLVV=Normalized lateral ventricle
volume. The differences between the MS and HC groups were tested using the Chi square,
student’s t‐test, and Mann‐Whitney U test. Group‐wise comparisons between CIS, RR and
SP patients were conducted using the Analysis of Variance, Chi Square, and Kruskal‐Wallis
test, when appropriate. Measures presented in mean (SD), unless stated otherwise.
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Results
Demographic and Clinical Characteristics
Table 1 provides an overview of the demographic, clinical, and brain atrophy
characteristics of both RR and SPMS patients, CIS patients, and HC. Mean age
of MS patients was 46.7 (SD=10.2), and 74.8% of patients were female. There
were no differences in age and sex between MS patients and HC or CIS
patients and HC. As expected, SPMS patients were significantly older
(p<0.001), had longer disease duration (p<0.001), and higher EDSS scores
(p<0.001) compared with RRMS and CIS patients. The number of relapses
within the past year did not differ between groups. MS patients had
decreased whole brain (p<0.001) and GM (p<0.001) volume, as well as larger
lateral ventricle size (p<0.001) compared with HC.
Table 2. Scan‐rescan reproducibility for SWI phase measurements in 10 subjects (5 multiple
sclerosis patients and 5 healthy controls) on lesion number, volume and mean phase.
Number
Mean (SD)
Median
Scan rescan

Total
Phase
Lesions
Nodular

Volume
I
C
C

p

Mean (SD)
Median
scan
rescan

Mean phase
I
C
C

9.9
9.1
.9
<.001 827.7
781
1
(6)
(5)
(1141)
(1121)
7
6.5
225.7
220.7
2.9
<.001 177.2
2.7
1
180.4
1
(4)
(3)
(227)
(235)
1
1.5
146.7
65.7
Ring
.7
.7
1
N/A 1159.9 1132.2
1
(2)
(2)
(1033) (1029)
0
0
1351.1
1270.9
Scatter‐
5.3
5.2
.8
.005 334
299.2
.9
ed
(3)
(2)
(304)
(246)
4.5
4.5
207.1
203
Legend:
ICC=intra‐class
correlation
coefficient,
Mean phase values are given in radians.

p

<.001

Mean (SD)
Median
scan rescan

‐0
(.0)
‐.1
<.001 ‐.1
(0)
‐.1
<.001 ‐.1
(0)
‐.1
<.001 ‐.1
(0)
‐.1
SD=standard

‐0
(0)
‐.1
‐.1
(0)
‐.1
‐.0
(0)
‐.1
‐.1
(0)
‐.1

I
C
C

p

.6

.030

.2

.323

.6

.129

.5

.047

deviation.
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Table 4a. Lesion characteristics of patients with multiple sclerosis and clinically isolated
syndrome.

T2 lesions (NS)
Mean
SD
T1 lesions (NS)
Mean
SD
Phase Lesions (NS)
Mean
SD
T2P Lesions (NS)
Mean
SD
T1P Lesions (NS)
Mean
SD

RR
Number
95
29.1
(17.7)
95
7.4
(9.1)
95
10.3
(6.5)
95
5.9
(6.5)
95
2.2
(4.5)

SP
Number
95
35.7
(18.0)
40
12.4
(9.3)
40
12.5
(10.7)
40
10.6
(11.9)
40
5.9
(9.7)

CIS
Number
19
12.9
(8.4)
19
.95
(1.4)
19
5.5
(2.4)
19
2.2
(2.7)
19
.4
(.8)

p
<.001

<.001

.002

<.001

.006

Legend: T2P=overlap between T2 and phase lesions, T1P=overlap between T1 and phase
lesions, mm3= cubic millimeter. Mean phase values are given in radians. Comparisons
between the groups were performed by using Kruskal‐Wallis test. Adapted from J Magn
Reson Imaging 2012; 36(1):73‐83.
Table 4b. Lesion characteristics of patients with multiple sclerosis and clinically isolated
syndrome.
RR
SP
CIS
Volume in mm3 Volume in mm3
Volume in mm3
p
(SD)
(SD)
(SD)
T2 lesions (NS)
95
40
19
Mean
8823.5
23724.0
2758.4
<.001
SD
(9361.9)
(25706.1)
(2286.4)
T1 lesions (NS)
90
40
19
Mean
822.2
5641.4
58
<.001
SD
(1171.8)
(11417.5)
(91.66)
Phase Lesions (NS) 95
40
19
Mean
769.1
1046.3
328.8
.023
SD
(835.8)
(1202.4)
(256.94)
T2P Lesions (NS)
79
35
11
Mean
352.5
602.2
163.7
.096
SD
(466.6)
(767.3)
(149.9)
T1P Lesions (NS)
43
24
5
Mean
181.7
329.4
24.2
.036
SD
(204. 2)
(408.7)
(16.2)
Legend: T2P=overlap between T2 and phase lesions, T1P=overlap between T1 and phase
lesions, mm3= cubic millimeter. Mean phase values are given in radians. Comparisons
between the groups were performed by using Kruskal‐Wallis test. Adapted from J Magn
Reson Imaging 2012; 36(1):73‐83.
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Scan–rescan Phase Lesion Reproducibility
Scan–rescan reproducibility data is shown in Table 2. Phase lesion number
and volume showed high reproducibility with ICC scores ranging from .751 to
1.0 (p<0.01) on all phase lesions combined, as well as nodular, ring, and
scattered subtypes. Mean phase reproducibility was moderate to high in
phase lesions and scattered subtype phase lesions.
Lesion Characteristics
Table 3 and Figure 2 show lesion related outcomes in MS patients and HC.
Patients showed significantly higher number and volume of T2‐ and phase‐
lesions (p<0.001). No T1 lesions were observed in HC. The number and
volume of nodular and scattered phase lesion subtypes (p<0.001), as well as
the number of ring lesions (p=0.002), were significantly higher in MS
patients.
Table 4c. Lesion characteristics of patients with multiple sclerosis and clinically isolated
syndrome.
RR
SP
CIS
Mean Phase
Mean Phase
Mean Phase
p
(SD)
(SD)
(SD)
T2 lesions (NS)
95
40
17
Mean
.01
.02
.02
.005
SD
(.01)
(.0)
(.01)
T1 lesions (NS)
69
35
7
Mean
0
.0
.01
SD
(.03)
(.02)
(.03)
.270
Phase Lesions (NS) 95
40
19
Mean
‐.07
‐.07
‐.07
.063
SD
(.02)
(.02)
(.02)
T2P Lesions (NS)
79
35
11
Mean
‐.07
‐.06
‐.07
.119
SD
(.03)
(.03)
(.02)
T1P Lesions (NS)
43
24
5
Mean
‐.07
‐.06
‐.07
.856
SD
(.04)
(.03)
(.04)
Legend: CIS=clinically isolated syndrome, RR=relapsing‐remitting, SP=secondary‐
progressive, NS=number of subjects, SD=standard deviation, T2P=overlap between T2 and
phase lesions, T1P=overlap between T1 and phase lesions. Mean phase values are given in
radians. Comparisons between the groups were performed by using Kruskal‐Wallis test.
Adapted from J Magn Reson Imaging 2012; 36(1):73‐83.
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Sensitivities and specificities of lesion related outcomes are also shown in
Table 3. Presence of T1 lesions showed the highest specificity for
distinguishing between MS and HC (100%), although sensitivity was 77%.
When the presence of T2P lesions was used to discern MS vs. HC, both the
sensitivity (83.7%) and specificity (85.7%) were high.
Overlap analyses between the number of T2P lesions showed significantly
more lesions in MS patients (M=7.3, SD=8.7) than in HC (M=0.27,
SD=0.7, p<0.001). In MS patients, 23.6% of lesions visible on T2‐WI
overlapped with phase lesions (T2P). The overlapping volume of T2P was also
higher in MS patients (p<0.001). No T1 lesions were reported in HC, but 37.3%
of T1 lesions were found to be T1P positive in MS patients. Of the total
number phase lesions, 33.4% and 69.7% were unique to SWI‐filtered phase
images, thus they were not visible on T2‐ or T1‐WI, respectively.
Lesion related outcomes for RR and SPMS subtypes as well as CIS are
presented in Table 4. The mean number of T2‐, T1‐, and phase lesions differed
significantly, with CIS consistently having the least and SPMS patients having
the most lesions. Overlap analyses yielded significant differences of mean T2P
(p<0.001) and T1P (p=0.006) lesion number. T2 and T1, but not phase LVs
were significantly different between the groups (p<0.001).
Relationship between T2, T1, and phase lesions and demographic, clinical, and
MRI outcomes
Correlation analyses for RR and SPMS patients between lesion types, and
demographic, clinical and MRI measures are shown in Table 5. In RRMS
patients,

increased

T1‐LV

showed

a

trend

toward

higher

EDSS

(r=0.266; p<0.05). However, T1‐, T2‐, phase, and T1P and T2P LVs and lesion
numbers were not significantly related to other clinical outcomes for either
RRMS or SPMS patients.
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Figure 2. Number (a), volumee (b), and mean
m
phase (c) in differrent lesion types of pattients
with mu
ultiple sclero
osis and clin
nically isolated syndrom
me. *p<0.01;; **p<0.001.
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Table 5. Spearman correlations between lesion volume and number with clinical and MRI
outcomes in relapsing‐remitting and secondary‐progressive patients.
Lesion volume

RR

T1 LV
T2 LV
Phase LV
T2P LV
T1P LV

Age
.012
.049
‐.188
‐.273
‐.141
Age

EDSS
.266
.152
.134
.033
.128
EDSS

DD
.178
.119
‐.113
‐.159
‐.204
DD

R
‐.003
.074
.187
.076
‐.034
R

NBV
‐.345**
‐.336**
‐.194
‐.166
‐.120
NBV

NGMV
‐.221
‐.130
‐.199
‐.138
‐.231
NGMV

NWMV
‐.326*
‐.307*
‐.136
‐.077
‐.101
NWMV

NLVV
.555**
.445**
.403**
.304*
.183
NLVV

‐.008
.307
.097 .154
‐.336
‐.464*
‐.091
.653**
T1 LV
T2 LV
.045
.227
.173
.007 ‐.384
‐.467*
‐.110
.588**
SP
Phase LV
‐.126
.387
.040 ‐.016 ‐.299
‐.333*
‐.189
.465**
T2P LV
‐.269
.429
.002 .015
‐.272
‐.394
‐.008
.568**
T1P LV
‐.380
.084
‐.301 .12
.003
‐.326
.344
.177
Lesion number
Age
EDSS
DD
R
NBV
NGMV
NWMV NLVV
T1 LN
.013
.228
.191
.053
‐.331*
‐.217
‐.285*
.496**
T2 LN
‐.092
.011
.011
.167
‐.308*
‐.264
‐.254
.458**
RR Phase LN
‐.174
‐.137
‐.137 .179
‐.051
‐.135
‐.032
.237
T2P LN
‐.174
‐.129
‐.129 .248 ‐.212
‐.153
‐.203
.419**
T1P LN
‐.144
‐.046
‐.046 .179
‐.243
‐.135
‐.260
.390**
Age
EDSS
DD
R
NBV
NGMV
NWMV NLVV
T1 LN
‐.024
.259
.221
.082 ‐.347
‐.400
‐.184
.586**
T2 LN
.363
‐.094
.326
‐.255 ‐.048
.161
‐.261
‐.002
SP
Phase LN
‐.056
.279
.023
‐.06
‐.375
‐.557**
.003
.506**
T2P LN
‐.061
.192
.023
‐.072 ‐.396
‐.493*
‐.131
.553**
T1P LN
‐.055
.288
.042 .182
‐.125
‐.260
‐.114
.455*
Legend:
RR=relapsing‐remitting,
SP=secondary‐progressive,
LV=lesion
volume,
T2P=overlap between T2 and phase lesions, T1P=overlap between T1 and phase lesions,
EDSS=Expanded Disability Status Scale, DD=disease duration in years, R=relapses in the
past year, NBV=normalized brain volume, NGMV=normalized gray matter volume,
NWMV=normalized white matter volume, NLVV=normalized lateral ventricle volume.
Correlations carried out using Spearman’s Rho. *<.01, **<.001.

In RRMS patients, atrophy measures showed a modest relationship across
multiple lesion measures. Smaller whole brain and white matter volume, and
larger ventricle size were related to greater T1‐ and T2‐LV. Phase LV was only
related to larger ventricle volume (r=0.403, p<0.001). In addition, higher T2P
volume

showed

a

positive

relationship

with

ventricle

volume

(r=0.304, p<.001). In SPMS patients, decreased gray matter volume was
significantly related to greater T1‐, T2‐, and phase LVs (p<0.01). Larger
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ventricle size was significantly related to the LV of all lesion types (p<0.001),
except T1P.
Correlations of lesion number with clinical and atrophy measures yielded
similar results; however, T2‐lesion number was not significantly related to
any measure, and phase and T2P and T1P were associated with both ventricle
size and GM volume (p<0.001, Table 5). Mean phase values of the different
lesion types did not correlate with clinical or atrophy measures for both RR
and SPMS patients. However, T2 lesion mean phase increased with age
(r=0.378; p<0.001) in RRMS patients.

Discussion
MS patients showed both markedly more and larger volume of phase lesions
on SWI‐filtered phase images compared with controls. The mean number of
phase lesions was more than 50% lower than the mean number of T2 lesions,
indicating that phase lesions are less prevalent. Differences in LVs between
phase, T1‐, and T2‐WI were even more pronounced. Of T2 and T1‐WI lesions,
only 23.6% and 37.3%, respectively, overlapped with phase lesions, indicating
that the majority of T2 and T1 lesions are independent of phase lesions.
However, of all phase lesions identified on SWI‐filtered phase images, 33.4%
did not overlap with T2 lesions, whereas 69.7% were independent of T1
lesions. This suggests that some of the phase lesions are unique to SWI‐
filtered phase images, and overlap with T2 lesions appears to be more
common than overlap with T1 lesions. Volume‐wise overlaps of phase and T2
and T1 lesions were found to be even lower at 3.2% and 10.2%. The most
frequent phase lesion subtypes were nodular and scattered, while ring lesions
were only sporadically observed. As expected, regardless of disease status,
phase lesions showed the highest mean phase values.
Phase lesions were present to some extent in all subjects and, therefore, show
a specificity of 0% and sensitivity of 100%. However, when an arbitrary cutoff
of >5 phase lesions was used (data not presented), differentiation between MS
and HC became both specific (89.9%) and sensitive (75.6%). Furthermore, the
presence of T2P showed a great ability to identify the correct outcome, with a
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specificity of 85.7% and sensitivity of 83.7%. This indicates that the presence
of those lesions observed both on SWI‐filtered phase and T2‐WI is both
highly prevalent and almost exclusively observed in MS patients, but not in
HC.
This study established that a proportion of T1‐ and T2‐weighted lesions
overlap with phase lesions. At this point, it is unclear why only a quarter of T2
and T1 lesions display elevated iron content, whereas the remaining three‐
quarters do not. Conversely, many phase lesions were independent of lesions
visible on either T2 or T1 scans. Therefore, it appears that phase lesions are, at
least partly, pathologically different from lesions visible on conventional MRI.
Additional research is needed to elucidate why iron containing lesions
present themselves in anatomically unique ways, such as ring, nodular, and
scattered forms. Furthermore, longitudinal studies may be helpful in
discerning the specific dynamics between T2‐ and T1‐weighted lesion
formation and phase lesion appearance.
Disease subtype differences were observed among SPMS patients who had a
greater number of T2, T1 and phase lesions, compared with RRMS and CIS
patients. Additionally, T1P and T2P lesion numbers were elevated in SPMS
patients. Similar, but less robust, differences were observed for LV and mean
phase values between MS subtypes. The occurrence of phase lesions increased
as the disease advanced. Although T1 lesions were infrequently observed in
early disease stages, both T2 and phase lesions were prominently present in
CIS patients. In this group, an average of 5.5 phase lesions was observed,
whereas progressive patients had 12.5 phase lesions. This increase of lesion
number by a factor of 2.3 is lower than the corresponding number for T2
lesions, where SPMS patients had 2.8 times more T2 lesions than CIS patients.
It could therefore be argued that phase lesions, although lower in absolute
numbers, are relatively more present in early disease stages than lesions
identified on conventional MRI.
Phase LV, lesion number, and mean phase did not correlate significantly with
clinical outcomes, regardless of the disease subtype. However, phase, as well
as T1P and T2P LV and lesion number, were strongly related to especially
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central atrophy, as measured by ventricular enlargement. However, T1 and T2
lesion number and LV showed similar correlations to atrophy measures as
phase lesions. This indicates that phase lesions, even though a partly separate
phenomenon, appear to be similarly associated with atrophy as conventional
MRI lesion measurements. An exception to this is observed in SPMS patients,
where only the phase lesion number was inversely correlated with GM
volume. However, because of the nature of correlation analyses no
assumptions about causality can be made. It is important to note that one of
the reasons correlations with the mean phase of lesions showed less robust
results could be because phase lesions by definition have elevated iron
content. This lack of variance in iron content could remove the power to
detect statistical significance.
Previous research found that increased iron deposition is related to aging.8,9
We did not find a relationship between age and phase lesions, suggesting that
the elevated levels of iron observed in phase lesions are not related to aging.
Interestingly, mean phase values of T2 lesions were associated with age in
RRMS patients, indicating that in older RRMS patients iron has presumably
accumulated over time in these lesions.
To the best of our knowledge, this is the first study to provide data on scan–
rescan reliability of phase lesion measurements. While the reproducibility of
number and volume of phase lesions was high, the assessment of mean phase
values, indicative of iron deposition, was less notable. When taking into
account total phase lesions or the scattered subtype, reproducibility was
moderate to high, while nodular and ring subtypes were reproducible. The
most plausible explanation would be that, in a small sample of 10 subjects, the
sheer number of subtype phase lesions was not high enough to generate
statistical significance.
Histopathological evidence has shown iron accumulation in the deep GM and
around plaques of MS patients.34,35 The ability to measure iron deposition in
vivo has led to a potential new biomarker for assessing MS disease status. In
this study, we used SWI‐filtered phase, which is an imaging technique
sensitive for the indirect measurement and visualization of iron content in
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the form of ferritin, deoxyhemoglobin and hemosiderin.23,36 Iron deposition
may be derived from myelin/oligodendrocyte debris, iron stores in
macrophages, or it may be the product of hemorrhages from damaged brain
vessels.1 Iron exerts its damage in the form of oxidative stress by the
generation of toxic‐free radicals, and induction of lipid peroxidation and
mitochondrial dysfunction.37 Free and poorly liganded iron can cause
hydroxyl radicals to be formed through Fenton and Haber‐Weiss reactions,
causing these dysfunctions. It is still unknown whether iron deposition is
merely an epiphenomenon of the MS disease process, or if it directly
contributes to brain pathology. However, this study showed that phase
lesions, likely representing high iron content, were present in the earliest
disease stages. Similarly, increased iron deposition was previously reported in
GM of CIS patients.14,19
SWI magnitude lesions were not investigated, since it was previously
determined that these have lower iron content, lack specificity, and display
weaker reproducibility.5 Moreover, SWI‐filtered phase lesion were divided
into subtypes (nodular, ring, and scattered), as described previously. These
lesion subtypes did not differ on phase value or texture, but were classified
based on morphology using a manual region‐of‐interest approach (Figure 1).
Even though phase lesions are likely to have high iron content, other lesions,
such as cavernous hemangiomas or veins, have been known to produce T2
hypointensities.28 Future studies should investigate the involvement of veins
in phase lesions. Additionally, different chemical forms of iron may have
different phase effects, and phase changes do not necessarily correspond to
absolute changes in iron content, but could be associated with changes to
underlying tissue structure and local iron distribution.38
In conclusion, we found that presence of T2P lesions observed both on SWI‐
filtered phase and T2‐WI is highly prevalent and unique to MS patients.
Phase lesions do not seem to contribute significantly to MS clinical outcomes.
However, more advanced MS patients showed an elevated phase lesion
burden. This is in concordance with previous findings,5,6 albeit in smaller
samples, that SWI‐filtered phase images can assist in identifying additional
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lesions not seen in conventional imaging protocols. More research is needed
to determine the exact involvement of phase lesions in MS. This study
showed initial evidence that phase lesions can be measured reliably.
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