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Purpose: To investigate whether the variable forms of pu-
tative iron deposition seen with susceptibility weighted im-
aging (SWI) will lead to a set of multiple sclerosis (MS)
lesion characteristics different than that seen in conven-
tional MR imaging.

Materials and Methods: Twenty-seven clinically definite
MS patients underwent brain scans using magnetic reso-
nance imaging including: pre- and postcontrast T1-
weighted imaging, T2-weighted imaging, FLAIR, and SWI at
1.5 T, 3 T, and 4 T. MS lesions were identified separately in
each imaging sequence. Lesions identified in SWI were re-
evaluated for their iron content using the SWI filtered phase
images.

Results: There were a variety of new lesion characteristics
identified by SWI, and these were classified into six types. A
total of 75 lesions were seen only with conventional imag-
ing, 143 only with SWI, and 204 by both. From the iron
quantification measurements, a moderate linear correla-
tion between signal intensity and iron content (phase) was
established.

Conclusion: The amount of iron deposition in the brain
may serve as a surrogate biomarker for different MS lesion
characteristics. SWI showed many lesions missed by con-
ventional methods and six different lesion characteristics.
SWI was particularly effective at recognizing the presence
of iron in MS lesions and in the basal ganglia and pulvinar
thalamus.
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MULTIPLE SCLEROSIS (MS) is an inflammatory demy-
elinating and neurodegenerative disease of the central
nervous system (1,2). Most patients start with a relaps-
ing-remitting course, which has a clearly defined epi-
sode of neurologic disability and recovery. The patho-
logic hallmark of multiple sclerosis is the demyelinated
plaque, a well-demarcated hypocellular area character-
ized by the loss of myelin, along with axonal loss due to
(3,4), and the formation of astrocytic scars. The etio-
logic mechanism underlying MS is generally believed to
be autoimmune inflammation (5). Nevertheless, what
initiates the disease and the sequence of events under-
lying the development of MS is not yet well established
(6).

Conventional magnetic resonance imaging (MRI) has
been used routinely to diagnose and monitor the dis-
ease spatially and temporally. The use of conventional
MRI to measure disease activity and assess effects of
therapy is now standard in clinical practice and drug
trials (7). T2-weighted imaging (T2WI) is highly sensitive
in the detection of hyperintensities in white matter.
However, hyperintensities on T2WI can correspond to a
wide spectrum of pathology, ranging from edema and
mild demyelination to lesions in which the neurons and
supporting glial cells are replaced by glial scars or liq-
uid necrosis (8–14). In addition to T2WI, Gadolinium
enhancement on T1-weighted imaging (T1WI) can sug-
gest acute inflammation, which is a marker of disease
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activity (15). Newer MRI techniques, including magne-
tization transfer ratio (MTR) imaging, magnetic reso-
nance spectroscopy (MRS), diffusion tensor imaging
(DTI), and quantitative analysis of changes in brain
volume (brain atrophy) are applied in MS to detect dif-
fuse damage of axons and neurons. These MRI tech-
niques have limited and different specificities toward
various elements of MS pathology (16–19).

It is becoming a consensus among many studies that
iron is enriched within oligodendrocytes and myelin in
both normal and diseased tissue (20–23). One explana-
tion for such findings proposes that iron is associated
with the biosynthetic enzymes of myelinogenesis (24).
In the case of demyelinating diseases, the mechanism
of damage to the brain by iron might be related to
oxidative stress induced by the generation of toxic-free
radicals (20). Brain iron accumulation has been shown
histologically in neurodegenerative diseases, including
MS (25,26), and has been specifically seen in the vessel
walls of veins (27). Recently, more studies have been
investigating hypointensities on T2WI, which suggest
iron deposition in the dentate nucleus, the cortex and
adjacent subcortical white matter, the brain stem, the
basal ganglia, and the thalamus. The results of these
studies have suggested that hypointensities in T2WI
were highly related to brain atrophy, disease course,
and physical disability (28–30). However, such studies
were based on conventional or fast spin-echo T2WI,
which is not sufficient for detecting a subtle iron com-
ponent that may be associated with lesion development
and progression. A fairly new technique, magnetic field
correlation imaging (31), has been used to quantita-
tively assess iron accumulation in the deep gray matter.
This is a low-resolution technique that attempts to
measure local magnetic field inhomogeneities to assess
iron accumulation. Susceptibility weighted imaging
(SWI) has been shown to be very sensitive to iron in the
form of hemosiderin, ferritin, and deoxyhemoglobin
(32,33), offering the ability to measure iron on the order
of several �g/g of tissue in vivo (34). SWI is a 3D,
high-resolution,

fully flow-compensated gradient-echo sequence that
uses magnitude and phase data both separately and
together to enhance information about local tissue sus-
ceptibility.

In the past, phase images were seldom used because
artifacts from the background field destroyed the integ-
rity of small changes seen in pristine tissue. As we know
now, phase images contain a wealth of information that
may not be observed from the magnitude image. Re-
cently, SWI-filtered phase images were used to map out
putative iron content in the brain (35). Phase images
are a direct measure of the sources of local susceptibil-
ity changes (34,36,37). In this study, we explore the
new contrast and information provided by SWI as it
applies to imaging multiple sclerosis lesions. Given the
perivascular (venous) relationship with MS, specifically
the fact that there is vessel wall breakdown in the veins
(27), we hypothesize that signal measured on SWI
phase will provide a unique signature for iron accumu-
lation. The goal of this study is to investigate whether
the variable forms of putative iron deposition seen in
SWI will lead to a set of lesion characteristics different
than that seen in conventional MR imaging.

MATERIALS AND METHODS

Twenty-seven clinically definite MS patients (21 fe-
males and 6 males, aged from 21 to 71 years old with a
mean age of 45 years; all patients signed an institu-
tional review board [IRB]-approved consent form) (38)
underwent clinical brain MRI scans including: 3D T1-
weighted MPRAGE, axial T2W, FLAIR, and contrast-
enhanced T1W imaging at 1.5 T, 3 T, and 4 T. (The 3 T
data sets did not have FLAIR images.) Detailed param-
eters for these sequences are provided in Tables 1–3. In
addition to these conventional MRI sequences, patients
underwent 3D SWI to acquire simultaneously phase
and magnitude images. A special high-pass (homodyne)
filter was used to remove most of the low spatial fre-
quency background field artifacts (4,19,39). Usually, a
64 � 64 low spatial frequency kernel is used to com-

Table 1
Imaging Parameters for Conventional Sequences at 1.5 T

1.5 T

No. of Slices Slice Thickness (mm) FOV (mm) TR (ms) TE (ms) BW (Hz/pixel) FA Resol. (mm)

T1-pre 45 3 256 630 15 110 90° 1 � 1 � 3
T2 45 3 256 2800 16 100 180° 1 � 1 � 3
FLAIR 45 3 240 8800 125 130 180° 1 � 1 � 3
T1-post 45 3 256 630 15 110 90° 1 � 1 � 3

Table 2
Imaging Parameters for Conventional Sequences at 3T

3 T*

# of Slices Slice Thickness (mm) FOV (mm) TR (ms) TE (ms) BW (Hz/pixel) FA Resol. (mm)

T1-pre 50 3 220 500 7 220 90° 0.5 � 0.5 � 3
T2 96 3 256 5000 101 200 121° 1 � 1 � 3
T1-post 50 3 220 500 7 220 90° 0.5 � 0.5 � 3

*FLAIR scans were not performed.
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plex-divide into the original data to create an effective
high-ass filtered phase image. The resulting image is
referred to as the “SWI filtered phase image.”

1.5 T

Fourteen patients (aged 21 to 68 years old, with a mean
age of 44 years) were scanned on a 1.5 T Sonata (Sie-
mens, Erlangen, Germany). The image parameters for
SWI were: a slab of 64 slices with a 2-mm thickness, no
gap, a field of view (FOV) of 256 mm, an acquisition
matrix of 512 � 256, a pulse repetition time (TR)/echo
time (TE) of 85/35 msec and a flip angle of 25°. This was
a turbo-SWI segmented echo-planar-like sequence with
five echoes and phase encoding between echoes to save
time. The total scan time for all sequences was about 45
min.

3.0 T

Seven patients (aged 41 to 67 years old, with a mean age
of 50 years old) were scanned on a 3.0 T Trio (Siemens).
The image parameters for SWI were: a slab of 64 slices
with a 2-mm thickness, no gap, an FOV of 220 mm, an
acquisition matrix of 512 � 512, a TR/TE of 50/25
msec, and a flip angle of 20°. This was a conventional
(single-echo) gradient-echo acquisition. The total scan
time for all sequences was about 45 min.

4.0 T

Six patients (aged 21 to 71 years old, with a mean age of
42 years old) were scanned on a 4 T magnet (Brucker/

Siemens). The image parameters for SWI were: a slab of
64 slices with a 2-mm thickness, no gap, an FOV of 256
mm, an acquisition matrix of 512 � 256, a TR/TE of
24/15 msec, and a flip angle of 12°. This was a conven-
tional single echo acquisition. The total scan time for all
sequences was about 40 min.

Lesion Identification

MS lesions on conventional MRI sequences were iden-
tified by an experienced neuroradiologist. Lesions on
SWI phase images were identified by consensus be-
tween three experienced MR researchers after consul-
tation with the neuroradiologist. SWI was compared
with conventional T2W, T1W, and FLAIR (except at 3 T).
Lesions seen on SWI were hand drawn, overlaid onto
conventional T2W and FLAIR images, and their shapes
and patterns were compared.

Iron Quantification

Phase is determined by the following function (for a
left-handed system):

� � � � �B�TE [rad] [1]

where � is the gyromagnetic ratio (MHz/T), �B (T) is the
change in magnetic field between tissues, and TE is the
echo time (msec). Iron is a paramagnetic element and
aligns along the main magnetic field producing a larger
field, that is, �B is positive. At a given TE, the more iron

Figure 1. Phase images at 1.5T (a) and 3T (b) of the same
patient with B0TE kept constant. The central sulcus (arrow) is
clearly seen in both individuals. The gray/white matter con-
trast in these images comes from the increased MR visible iron
content in the gray matter giving it an appearance similar to a
T1-weighted scan.

Figure 2. Two SWI processed images of adjacent slices ac-
quired at 3 T. Note the connectivity between the iron-contain-
ing lesion (the dark nodule, long arrow) and a peripheral vein
that curls up toward the lateral right side of the brain (a, short
arrow) and a vein that connects to the putamen (b, short
arrow).

Table 3
Imaging Parameters for Conventional Sequences at 4T

4 T

No. of Slices Slice Thickness (mm) FOV (mm) TR (ms) TE (ms) BW (Hz/pixel) FA Resol. (mm)

T1-pre 32 2 256 28 15 80 12° 1 � 1 � 2
T2 29 4 256 4000 72 120 150° 0.8 � 0.8 �
FLAIR 24 4 256 6870 116 200 150° 0.5 � 0.5 �
T1-post 32 2 256 28 15 80 12° 1 � 1 � 2
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content in the tissue, the more the phase differs from
zero. Therefore, the contrast seen in a brain image, for
example, will depend on how much iron is present. This
can be expressed as follows:

�B � ��B0 [2]

�� � c

where c is the concentration of iron and �� is the
change in susceptibility (in ppm). Thus, any changes in
the amount of iron will lead to changes in the phase of
the tissue relative to its surroundings. From [1] and [2],
it is evident that phase will remain invariant if the
product of B0 and TE remains constant.

Siemens uses the following phase convention:

	 � 2048 
��/� � 1]

In addition to showing that 3 Siemens phase units (	)
correspond to 1 �g Fe/g tissue, a recent study has
established a baseline of phase differences between tis-
sues in a number of brain regions for normal people
(35). To evaluate the iron content in MS patients, re-
gions of interest (ROIs) were chosen in three separate
areas: lesions, the area immediately surrounding le-
sions, and normal-appearing white and gray matter
(using T2W and FLAIR images to distinguish between
white and gray matter). The area immediately sur-
rounding lesions was defined by carefully tracing lesion
boundaries seen in each slice. Around this was drawn
another larger boundary—creating effectively an annu-

lar boundary region. Combining this evaluation with a
comparison of lesions’ appearance on conventional im-
ages allowed the areas inside and outside of lesion
boundaries to be well characterized. The average phase
value of each ROI was measured using the in-house
software, SPIN (Signal Processing in NMR). The iron
content on SWI phase images was then correlated with
the signal intensity of the same ROI measured on T2W
images using a simple linear regression.

Of the 27 patient data sets processed, one had wide-
spread lesions covering the entire white matter struc-
tures and was not analyzed for the purpose of this
investigation. Another patient did not show any lesions
in any clinical MRI sequence, as well as SWI, and was
thus excluded from our study.

RESULTS

Phase data were compared between 1.5 T, 3 T, and 4 T.
The imaging parameters for SWI were designed so that
the product of Bo and TE remained constant. An exam-
ple phase image from the same volunteer at 1.5 T and 3
T (Fig. 1) shows that the phase is invariant as expected.
For example, the phase in the motor cortex was mea-
sured to be 2155 � 31 phase units for 1.5 T and 2120 �
17 phase units for 3 T. After reviewing the data, it was
evident that there were lesions clearly seen with SWI
but not with FLAIR or T2WI, and also those seen with
FLAIR or T2WI but not with SWI. There was a variety of
lesion characteristics seen in the SWI phase images (see
Table 4) and we were able to categorize them according
to the following six properties: (a) uniform darkening of

Figure 3. The rims of lesions (arrows) are seen more clearly in SWI phase (a) than in FLAIR (b). The rims are not defined in
magnitude (c) or T2 (d). This data was acquired at 4 T.

Table 4
Counts and Categories of Lesions Seen on SWI

Category Description 1.5 T 3 T 4 T

A Uniform darkening of lesions in phase 101 (63 m) 46 (38 m) 72 (33 m)
B Magnitude lesions not seen with phase 7 32 31
C Lesions associated with veins 6 3 4
D Lesions surrounded by a rim of hypointense signal 7 1 3
E Lesions with central darkening of signal 4 1 1
F Gray matter lesions (including the basal ganglia) 16 6 (1 m) 5
Total 141 90 116

m � magnitude.
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lesions in phase images; (b) lesions seen in the magni-
tude SWI data but not in the phase; (c) lesions associ-
ated with veins; (d) lesions surrounded by a rim of
hypointense signal; (e) lesions with a central darkening
of signal; and (f) gray matter lesions (including one in
the basal ganglia). Some representative examples of
these lesions and their comparisons with conventional
imaging are shown in Figures 2 through 6.

A total of 422 lesions were identified by all methods;
75 were not seen with SWI, and 143 were not seen with
conventional methods but were detected by SWI. A total
of 204 lesions were seen with both methods. A detailed
summary of all lesions measured for each field strength

appears in Tables 5, 6, and 7. In each table, the number
in parentheses followed by an “m” represents how many
of the phase lesions were also seen in the magnitude
data.

Iron Quantification Using SWI Phase Images

A total of 199 uniform phase lesions were evaluated
from eight patients who had enough lesions to draw a
correlation. These patients were imaged at various field
strengths. The average phase value in the lesions was
2186 � 42 while the surrounding normal-appearing
white matter had an average phase value of 2044 � 20.
The difference between these two values is 142 units,
representing an average iron content of 47 �g Fe/g
tissue (34). (In most of the cases, the region adjacent to
the lesion had iron concentrations slightly lower than
those in the white matter.) A histogram of the iron
content in 177 of the most well-defined lesions from the
26 analyzed patients (measured at 1.5 T, 3 T, and 4 T)
is shown in Figure 7.

The signal intensity changes in lesions seen with both
SWI and T2 relative to the surrounding normal-appear-
ing white matter were seen to be moderately linearly
correlated. Specifically, the SWI filtered phase was com-
pared to the signal intensity in T2W images. The corre-
lations between T2 signal intensity and phase/iron are
summarized in Table 8 and two example plots are
shown in Figures 8 and 9.

Figure 4. Lesions with high phase/iron content, as shown in SWI filtered phase images (a) are either not visible or less clearly
seen in SWI magnitude (b), T2-weighted (c) or FLAIR images (d) at 4T.

Figure 5. Filtered phase SWI image acquired at 3 T showing
high iron deposition (white arrows) in the left and right pulvi-
nar thalamus.

Figure 6. Possible gray matter lesions seen in an SWI phase
image (a) and a T2W image (b) for data acquired at 1.5 T.
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DISCUSSION

Susceptibility weighted imaging offers a unique way to
view tissues affected by iron deposition whether in the
form of deoxyhemoglobin, ferritin, or hemosiderin. Not
only have we demonstrated that there are nearly 50%
more lesions seen in total combining conventional im-
aging with SWI, but the iron content that makes lesions
visible in SWI can also be quantified. The distribution of
iron in the lesions in Figure 7 shows that the peak iron
can reach 60 �g Fe/g tissue. This is as large as the iron
content expected in the motor cortex. With the imaging
parameters used here, recent results suggest that at
1.5 T in an ROI of 100 pixels, it is possible to determine
changes in iron of just 1 �g Fe/g tissue (35). This may
serve as a means to monitor iron changes over time in
the lesions.

Of the six different types of lesions observed, most
seem to have a fairly uniform distribution of iron. In 13
cases, we can see the direct connectivity of lesions with
veins. In six others, only the center of the lesion is dark.
There were, however, lesions that exhibited a ring-like
structure of high iron content (11 lesions). This may be
similar to the ring-like effects seen both pathologically

in leukoencephalopathy and also sometimes visible on
FLAIR and T2WI. The ability to see these rims of iron
(Fig. 3) may also have an impact on disease progress
(15). Finally, there is some evidence of gray matter ab-
normality (28 lesions).

Differentiating simple changes in phase from veins
was done by looking for connectivity. Usually, it was
fairly easy to discriminate between signal changes
caused by veins and those corresponding to lesions
because we could view the mIP of three or more slices
centered on the slice of interest. These mIP images
show the connectivity of the vessels and make it clear if
the vessel runs through the lesion of interest. Most of
the lesions, however, showed fairly large nonvascular
structures that were not circular in nature. Because
these lesions often sat in white matter, and because the
phase of white matter is close to zero, it is fairly obvious,
with practice, what represents an abnormal phase sig-
nal, and hence its probability of being a lesion. We read
the phase images separately and then compared the
results to the FLAIR or T2 data. Because many of the
lesions do overlap with T2 lesions, this gave us good
confidence that our interpretations of these new find-
ings were likely correct. As a comparison with T1, T2,
and FLAIR, we used a “copy ROI” feature in our software
to ensure the appropriate interpretation and registra-
tion of the lesions. Because all sequences were run with
the same FOV, this was a particularly easy way to en-
sure that we were looking at the same lesions. When
these ROIs were copied from one image to the next, we
observed that the shapes of the ring lesions seen on the
SWI data were essentially identical to the shape on the
corresponding T2W images.

Why is this new biomarker for iron potentially impor-
tant in the study of MS with SWI? The current MR
imaging biomarkers of MS pathology focus on: the

Figure 7. Histogram showing the distribution of iron deposi-
tion in well-defined lesions of the 26 analyzed patients. (These
concentrations were calculated assuming that 180 Siemens
phase units correspond to 60 �g Fe/g tissue.)

Figure 8. A plot of signal intensity from T2 versus phase and
a plot of phase converted into iron content.

Table 5
Lesion Counts for 14 Patients at 1.5 T

T2 T2-FLAIR FLAIR SWI Only Total

Seen on SWI 30 30 3 78 141
Not seen on SWI 18 27 3 48
Total 48 57 6 78 189

Table 6
Lesion Counts for Seven Patients at 3 T

T2 SWI Only Total

Seen on SWI 38 p � 32 m 20 90
Not seen on SWI 21 21
Total 91 20 111

m � magnitude, p � phase.

Table 7
Lesion Counts for Six Patients at 4 T

T2 FLAIR SWI Only Total

Seen on SWI 33 p � 18 m 20 45 116
Not seen on SWI 6 6
Total 51 26 45 122

m � magnitude, p � phase.

Table 8
Correlations between T2 Signal Intensity and Phase/Iron Content

Patient rT2 pT2

1 �0.87 0.010
2 �0.34 0.230
3 �0.39 0.270
4 �0.59 0.020
5 �0.11 0.680
6 �0.34 0.320
7 �0.78 0.005
8 �0.83 0.022
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breakdown of the blood–brain barrier, multifocal in-
flammation, demyelination, oligodendrocyte loss, ax-
onal and neuronal degeneration, gliosis, and remyeli-
nation and repair (40). In a systematic analysis of all
studies published in the last 20 years, it was found that
none of the proposed biomarkers could serve as a sur-
rogate marker for clinical outcome (41). In a disease
with a complex pathogenesis, such as MS, an individ-
ual biomarker is likely to reflect only one aspect of many
pathogenic processes. The ability to predict the out-
come of MS is complicated due to the underlying diver-
sity and variability of the lesions. Although clinical
judgment and experience provide the foundation for
medical decisions, advances in neuroimaging may en-
hance the management of these patients if more spe-
cific biomarkers can be found.

Iron may be yet another critical means by which to
assess the status of MS patients. Iron is a paramagnetic
substance that reduces T2 relaxation time, resulting in
hypointensity on T2-weighted images. The different
types of nonheme iron in the brain include low-molec-
ular-weight complexes, ionic iron, metalloproteins such
as transferrin, melanotransferrin, and lactoferrin, as
well as storage proteins such as ferritin and hemosid-
erin (34). Transferrin carries iron from the blood into
tissues, while ferritin stores excess iron atoms that are
not immediately engaged in metabolic activities. There
can be up to 4500 iron atoms stored in the 8 nm-
diameter internal cavity of one ferritin protein (34). He-
mosiderin is considered to be a water-soluble iron stor-
age molecule that is a breakdown product of ferritin
and appears to be associated with iron overload disor-
ders and hemorrhage (34). Brain iron accumulation has
been shown histologically in MS and recently, an iron
increase from 24% to 39.5% was reported in the deep
gray matter in MS patients compared to control sub-
jects (25,26).

The source of iron deposition may be myelin/oligo-
dendrocyte debris (17), concentrated iron in the mac-
rophages (that phagocytize the myelin/oligodendro-
cyte), or the product of hemorrhages from damaged
brain vessels. The mechanism of direct damage to the
brain by iron might be related to oxidative stress and
the generation of toxic-free radicals (12). The amount of
iron deposition could reflect the extent of tissue dam-
age; thus, iron could be used as a biomarker to predict
clinical outcome. This is a reasonable hypothesis given
recent findings (27), which show very clear iron depo-
sition encircling dilated veins in MS. The source of this

iron is still unclear, but it could result from microhem-
orrhaging and hemosiderin buildup (27). Additionally,
our results appear to indicate that chronic lesions may
vanish on T2WI in some instances. If this is the case,
then it may explain why the number of lesions on T2WI
has not been very specific to the severity of the disease.

Apart from signal-to-noise, one of the key points
about phase contrast is that it is independent of field
strength if the product of field strength and TE is kept
constant. Therefore, for the first time, it is possible to
make comparisons of studies across systems and
across field strengths and reasonably expect to get the
same images (42). This should make SWI globally ap-
plicable in clinical trials on all manufacturers’ systems.

In conclusion, we have shown that SWI has the po-
tential to recognize the presence of iron in MS lesions,
visualize lesions missed by conventional methods and
visualize different lesion characteristics. The iron may
be from blood or other iron sources sequestered by
macrophages in the form of hemosiderin. Future stud-
ies should focus on monitoring iron levels along with
cognitive and motor evaluations of the patient as a
possible means to have a more specific imaging test of
the patient’s clinical status.
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