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Objective: Magnetic resonance imaging at 7 Tesla produces high-resolution gradient-echo phase images of patients with mul-
tiple sclerosis (MS) that quantify the local field shifts from iron in the basal ganglia and lesions. Phase imaging is easily integrated
into clinical examinations because it is a postprocessing technique and does not require additional scanning. The purpose of this
study was to quantify local field shifts in MS and to investigate their relation to disease duration and disability status.
Methods: Thirty-two subjects including 19 patients with MS and 13 age- and sex-matched control subjects were scanned at a
spatial resolution of up to 195 � 260�m. Data were postprocessed to produce anatomical quantitative phase images of local
field shifts, as well as conventional magnitude images.
Results: The phase images showed an increased local field in the caudate, putamen, and globus pallidus of patients relative to
control subjects (p � 0.01). The local field in the caudate was strongly correlated with disease duration (r2 � 0.77; p � 0.001).
Phase images showed contrast in 74% of the 403 lesions, increasing the total lesion count by more than 30% and showing
distinct peripheral rings and a close association with vasculature.
Interpretation: The increased field in the basal ganglia and correlation with disease duration suggest pathological iron content
increases in MS. The peripheral phase rings are consistent with histological data demonstrating iron-rich macrophages at the
periphery of a subset of lesions. The clearly defined vessels penetrating MS lesions should increase our ability to detect focal
vascular abnormalities specifically related to demyelinating processes.
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Ex vivo postmortem histological stains of the brain
have shown that iron accumulates in neurodegenerative
diseases such as Alzheimer’s,1,2 Huntington’s,3,4 and
Parkinson’s3 diseases. Previous studies in MS have
identified iron accumulation in both the deep gray
matter (basal ganglia)5 and plaques,2,6 but because they
were performed ex vivo, they did not establish whether
iron was primary to and caused MS pathology or
whether iron accumulation was secondary to chronic
inflammation in MS. An in vivo contrast mechanism
sensitive and specific to the presence of iron may con-
tribute substantially to understanding the role of iron
in neurodegenerative pathology and developing iron-
based biomarkers for disease progression.

The high signal-to-noise ratio (SNR) of 7 Tesla
magnetic resonance imaging (MRI) allows for in vivo
visualization of anatomical structures at submillimeter
resolutions only previously attainable ex vivo. We re-

cently developed a new 7 Tesla technique7 that enabled
high-resolution quantitative imaging of the local field
shift (LFS) caused by magnetic susceptibility-shifted
compounds such as iron. The technique postprocesses
the phase of a gradient-recalled echo scan to measure
the LFS. Because iron is paramagnetic,8 its presence
increases the local magnetic field (a positive LFS) and
accelerates the 1H precession, causing phase to accu-
mulate over the echo time (TE).

Previous in vivo attempts to monitor iron in the
basal ganglia in neurodegenerative diseases using
T25,9,10 or magnetic field correlation11 yielded incon-
sistent findings,3,12 potentially because of confounding
changes in diffusion13 that affect these contrast mech-
anisms. It would be even more difficult to use these
contrast mechanisms to interrogate iron in MS lesions
because they would be heavily confounded by the
changes in both relaxation and diffusion. Phase imag-
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ing at 7 Tesla offered the specificity to LFS, the insen-
sitivity to relaxation and diffusion, and the high spatial
resolution to assess for the presence of iron in both the
basal ganglia and MS lesions.

Iron accumulation in neurodegenerative diseases1–6,14

results from a cyclic inflammatory process. Inflamma-
tion increases local iron content by attracting iron-rich
macrophages,2,6 disrupting the blood–brain barrier6

and reducing axonal clearance of iron.14–17 Iron can be
safely stored in the brain as ferritin, a water-soluble
storage protein that sequesters iron, but when iron
overload or disruptions in cellular iron management
cause some iron to be stored as hemosiderin or free
iron, it has the potential to exchange electrons with
surrounding molecules.14 Numerous studies of iron in
MS and experimental allergic encephalomyelitis (an an-
imal model of MS) have shown that free iron or iron
overload forms highly reactive hydroxyl radicals.18–21

These free radicals initiate lipid peroxidation leading to
cell membrane dysfunction22 and chronic microglial
activation.17 Inhibition of enzymes in the respiratory
chain induces mitochondrial dysfunction, which re-
duces cellular energy production because of hypome-
tabolism23,24 and causes hypoxia that drives progressive
axonal dysfunction.15–17 The presence of iron-rich cells
and the inability to clear iron eventually cause further
inflammation and iron deposition, initiating a cyclic
process evidenced by the accumulation of iron in neu-
rons and oligodendrocytes,6 the basal ganglia,5 and
macrophages and microglia2,6 seen in postmortem MS
brains.

The purpose of this study was to evaluate whether
the presence of iron in the basal ganglia and MS le-
sions could be observed and quantified in vivo using 7
Tesla phase imaging.

Subjects and Methods
Data Acquisition
Thirty-two subjects including 19 relapsing-remitting MS pa-
tients (7 untreated; 4 on glatiramer acetate for a mean time
of 3.2 years; 4 on interferon-� therapy for a mean time of
7.2 years; 4 on natalizumab for a mean time of 0.5 year) and
13 age- and sex-matched control subjects (Table 1) were
scanned on a whole-body GE EXCITE 7T (General Electric
Healthcare Technologies, Waukesha, WI) equipped with an
8-channel receive phased array coil (commercially available
from NOVA Medical, Wilmington, MA, or built in-house
by L.C.) and a head transmitter coil with active detuning.
Axial gradient-recalled echo images were acquired at a spatial
resolution of 195 � 260�m or 350 � 350�m: echo/
repetition time (TE/TR) of 12 to 15/250 milliseconds, 20-
degree flip angle, 2mm slice thickness, matrix/field of view
1,024 � 768/20cm or 512 � 512/18cm, 3 repetitions
(number of excitations), and scan time 9 or 6.5 minutes. No
contrast (ie, gadolinium) was administered. The image vol-
ume was obliqued to contain the anterior and posterior com-
missures.

Data Processing and Image Analysis
The magnitude and phase images were created as Hammond
and colleagues7 described. As shown in Figure 1, regions of
interest (ROIs) in the basal ganglia were manually drawn
around the caudate, putamen, thalamus, and globus pallidus.
Additional ROIs were placed around the white matter re-
gions of the splenium of the corpus callosum and the poste-
rior internal capsule. ROIs were placed on both the left and
right sides in each slice containing the structure. The final
value for each structure in each subject was calculated by
averaging the mean pixel value of each ROI.

Phase images (measured in radians) were converted to LFS
maps (measured in parts per billion [ppb]) by subtracting the
mean phase of the posterior internal capsule, dividing by
(2� � TE) to measure the local frequency of 1H precession

Table 1. Characteristics of Patient and Control Populations

Subject Demographics Patients Control Subjects p

n 19 13 —

Sex, M/F 6/13 5/8 —

Mean age � SD, yr 42.32 � 12.90 40.15 � 14.19 0.65

Mean disease duration � SD, yr 12.0 � 7.6 — —

Mean EDSS score � SD 2.1 � 1.2 — —

Mean LFS � SD, ppb

Globus pallidus (ppb) 20.33 � 4.19(n�12) 15.94 � 2.68(n�11) �0.005

Caudate (ppb) 20.06 � 5.10(n�14) 16.14 � 3.59(n�12) �0.01

Putamen (ppb) 14.33 � 3.96(n�15) 9.66 � 2.15(n�12) �0.0001

Thalamus (ppb) 9.56 � 3.02(n�14) 8.09 � 2.08(n�12) 0.06

Corpus callosum (ppb) 4.40 � 2.45(n�15) 4.46 � 1.71(n� 9) 0.47

SD � standard deviation; EDSS � Expanded Disability Status Scale; LFS � local field shift; ppb � parts per billion.
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(measured in Hertz), and dividing by (� � B0) to normalize
the MRI magnet strength (B0). Converting phase images to
LFS maps enabled making comparable measurements across
the two scan parameters that affect phase contrast: MRI field
strength (eg, 1.5, 3, or 7 Tesla) and TE. In units of parts per
billion, LFS caused by iron was expected to be independent
of the field strength or TE because magnetic susceptibility
scales linearly with field strength8 and phase scales linearly
with TE.7 Three MS patients and one control subject were
excluded from the analysis of the basal ganglia because the
field of view was placed superior to the basal ganglia. The
mean LFS in MS patients were compared with healthy con-
trol subjects using Student’s t test. The correlations between
LFS and MS disease duration, Expanded Disability Status
Scale (EDSS) score, or subject age were calculated using the
Pearson product moment correlation coefficient.

MS lesions were counted and classified according to
whether they were visible only in the magnitude image, vis-
ible only in the phase image, or visible in both the magni-
tude and phase images. Lesions were further classified ac-
cording to whether they contained penetrating veins and
peripheral rings.

Results
Basal Ganglia
Characteristics of the MS patients and control subjects
are presented in Table 1. The LFS was significantly
greater in the caudate, putamen, and globus pallidus of
MS patients relative to control subjects (p � 0.01),
and showed a strong trend toward significant increase
in the thalamus (p � 0.06). The LFS was shifted an
additional 4.39ppb (1.31Hz) in the globus pallidus,
3.92ppb (1.17Hz) in the caudate, 4.67ppb (1.39Hz) in
the putamen, and 1.47ppb (0.44Hz) in the thalamus.
The LFS in the caudate remained significant when the
two elevated outliers were removed (Fig 2A). The LFS
was not increased relative to control subjects in the
splenium of the corpus callosum.

LFS was strongly correlated with MS disease dura-

tion in the caudate (r2 � 0.77, p � 0.001; see Fig 2B)
and moderately correlated in the putamen (r2 � 0.39,
p � 0.05; see Fig 2C). To eliminate the possibility that
the outlier patient with a disease duration of 37 years
dominated the correlation (see Figs 2B, C), we re-
moved the subject and found the correlation remained
significant in the caudate (r2 � 0.53, p � 0.05) but
was no longer significant in the putamen (r2 � 0.18).
There were no correlations between LFS and age in
control subjects in either the caudate (r2 � 0.10; see
Fig 2E) or putamen (r2 � 0.06), indicating that the
correlations with MS disease duration were not due
solely to aging of the patients. There were no correla-
tions between LFS and MS disease duration in other
structures (eg, corpus callosum shown in Fig 2D) or
between LFS and EDSS in any structures.

Color maps showing increased LFS in the basal gan-
glia of an MS patient relative to an age- and sex-
matched control are shown in Figure 3. The patient
was a 41-year-old woman with an 11-year disease du-
ration and an EDSS score of 1.0. The control subject
was a 42-year-old woman with no significant medical
history. The dark blue color of the MS patient’s basal
ganglia showed an increased LSF. The LFS maps also
differentiated between a positive LFS (an increased

Fig 2. Local field shift (LFS) was significantly increased in the
globus pallidus, caudate, and putamen relative to age- and
sex-matched control subjects (A). LFS was correlated with dis-
ease duration in the caudate (B) and putamen (C), though
not in other regions of interest (eg, corpus callosum shown in
D). LFS was not correlated with age in healthy control sub-
jects (eg, caudate shown in E). MS � multiple sclerosis; n.s.
� not significant. *p � 0.01; **p � 0.0001.

Fig 1. Regions of interest (ROIs) were drawn on the high-
resolution 7-Tesla gradient-recalled echo (GRE) magnitude
(left) and phase (right) images: head of caudate (green), puta-
men (yellow), globus pallidus (pink), thalamus (red), posterior
internal capsule (blue), and splenium of the corpus callosum
(cyan).
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magnetic field) and a negative LFS (a decreased mag-
netic field), as shown in the blue of the basal ganglia
and red of the calcified choroid plexus (see Fig 3A).
Note that the increased LFS in the basal ganglia was
not seen in the magnitude images, and that the mag-
nitude images did not distinguish between increased
and decreased magnetic field shifts because both shifts
caused signal dropout.

Multiple Sclerosis Lesions
A total of 403 lesions were counted in the 18 MS pa-
tients. The phase images showed peripheral phase
rings, additional lesions not seen in the magnitude im-
ages, and well-defined vessels penetrating lesions. De-
tecting these additional lesions and unique contrast
patterns did not require an additional scan because
phase images were created by reprocessing the complex
image volume traditionally used to produce magnitude
images. The distribution and representative images of
lesions by classification are shown in Table 2 and Fig-
ure 4.

Phase images identified contrast patterns and addi-
tional lesions not seen in the magnitude images.
Thirty-one lesions (8% of lesions) had peripheral rings
in the phase images (eg, lesions A1 and B1 in Fig 4).
The magnitude images did not show whether there was
a peripheral field shift; for example, lesions A1 and C1
were virtually identical in the magnitude images, yet
there was a strong field shift at the periphery of A1 and
almost no phase shift at the periphery of C1.

Phase images identified 89 additional lesions (eg, le-
sion C2), increasing the total lesion count by almost
30%. Of note, 104 lesions seen in the magnitude im-
ages were not seen in the phase images (eg, lesion D1).
The remaining 210 lesions, about half of the total 403
lesions, showed both magnitude and phase contrast.

The high spatial resolution and susceptibility-
weighting of the phase images provided excellent im-
aging of veins penetrating MS lesions. The veins ap-
peared narrow and showed high contrast in the phase
images. There was a close association between the le-
sions and the veins: 67% of lesions showed penetrating
veins, of which 83% had surrounding field shifts that
were quantifiable in the phase images. For example, le-
sion D2 was shifted about 10ppb relative to the sur-
rounding white matter, whereas lesion D1 was shifted
less than 0.1ppb.

Discussion
The in vivo high-resolution 7 Tesla MRI phase images
enabled quantitative assessment of the LFS in the deep
gray nuclei (see Table 1 and Figs 2 and 3) and showed
contrast in lesions consistent with previous ex vivo his-
tological studies (see Fig 4). Phase imaging offered a
significant improvement to previous MRI tools avail-
able for interrogating iron, providing quantitative LFS
maps specific to field shifts and without requiring ad-
ditional scanning. The high spatial resolution made
possible by scanning at 7 Tesla enabled us to interro-
gate the LFS both in lesions and in the deep gray mat-
ter.

Phase Images Showed Increased Local Field Shift in
the Basal Ganglia of Multiple Sclerosis Patients
The increased LFS in the basal ganglia and correlation
with MS disease duration suggested iron accumulation
was associated with MS. Our findings support the con-
tention that local magnetic field shifts cause the T2-
hypointensity5,9,10 and increased magnetic field corre-
lation25 previously reported in MS patients. The
drawback of these previous techniques is that they are
sensitive to a wide spectrum of pathology and can be
used only with the assumption that there are no other
structural changes. Changes in diffusion13 could ex-
plain contradictory findings such as one study that did
not observe increased T2-hypointensity in MS pa-
tients12 and another that compared T2 values with tis-
sue assays for iron and showed Huntington’s disease
patients who had threefold increase in iron but the
longest T2.3 The presence of calcium could also con-
found the detection of iron. For example, calcium in
the basal ganglia of a patient with system lupus ery-
thematosus26 could be misinterpreted as iron because
both calcium and iron cause signal dropout in the
magnitude image. In the phase image, calcium could
be distinguished from iron because calcium is diamag-
netic and decreases LFS, whereas iron is paramagnetic
and increases LFS. Diamagnetic and paramagnetic field
effects were shown in Figure 3; the calcified choroid
plexus was in the red LSF spectrum, whereas the basal
ganglia were in the blue LFS spectrum. Note that both

Fig 3. Magnitude (grayscale) and local field shift (LFS; color
inset) images of a multiple sclerosis (MS) patient (A) and age-
and sex-matched control (B). The cool spectrum of the basal
ganglia (BG) in the MS patient showed an increased field,
indicating the local presence of paramagnetic compounds such
as iron. The hot spectrum of the calcified choroid plexus (CP)
showed a decreased field, indicating the local presence of dia-
magnetic compounds such as calcium.
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the choroid plexus and basal ganglia appeared hypoin-
tense in the magnitude image.

The finding that LFS was increased relative to con-
trol subjects in ROIs in the basal ganglia but not in the
splenium of the corpus callosum was consistent with
postmortem histological stains showing increased iron
in the basal ganglia but not in the white matter.5 The
globus pallidus was slightly less shifted than expected
for the reported iron density. It is possible that the low
signal-to-noise ratio in the globus pallidus (pink ROI
in Fig 1) introduced high noise in the phase image that
caused underestimation of the LFS. It was also difficult
to estimate the field shift in the thalamus because of
the large intrathalamic phase variation. For example,
the pulvinar nucleus was hypointense, whereas the ma-
millothalamic tracts were hyperintense (see Fig 1B).
We expect that with more patients and subsegmenta-
tion of thalamic ROIs we would find a significant in-
crease in the LFS increase in MS patients as reported
for magnetic field correlation.11

A limitation of this study was that it did not include
cognitive assessments, and thus could not establish cor-
relations with LFS. Future longitudinal studies in a
larger population of patients should evaluate iron as a
predictor of basal ganglia atrophy,27 EDSS progression,
and neuropsychological test performance to establish
whether iron is primary to and causes MS pathology,
or whether iron is secondary to MS pathology and sim-
ply results from years or decades of inflammatory and
neurodegenerative insults.

Lesions Showed Peripheral Phase Rings Consistent
with Histology
The spatial patterns of phase contrast we observed in
MS lesions were consistent with previous histological
studies. Our observation of field shifts at the periphery
of 31 lesions (see Table 2 and Fig 4) supported existing
histological data identifying iron28 and a rim of acti-
vated microphages17 at the edge of a subset of lesions.
Diaminobenzidine tetrahydrochloride–enhanced Perl’s
stains have shown the macrophages at the periphery of
MS lesions to be rich in iron,2 presumably from either
destruction of oligodendrocytes and myelin, both of
which contain iron,29 or from the extravasation of
blood into the brain.6 It may be possible to use the
phase images to differentiate between acute lesions,
which are rich in macrophages,30 and slowly expanding
chronic lesions, which are reported to have few macro-

Table 2. Classification of lesions seen at 7 Tesla

Lesion Category Lesion seen in:

Magnitude
Only

Phase
Only

Magnitude
and Phase

All (N � 403) 26% 22% 52%
Penetrating vein(s)
(N � 268)

17% 27% 56%

Peripheral contrast
(N � 31)

0% 94% 6%

Fig 4. Representative magnitude (left inset) and phase (right inset) images of multiple sclerosis lesions of four patients (A–D). Phase
images showed peripheral rings (lesions A1 and B1) and additional lesions (lesion C2) not seen in the magnitude images and well-
defined vessels penetrating lesions (lesions A1 and D2). Some lesions were seen only in the magnitude images (lesions C1 and D1).
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phages concentrated at the lesion rim,17,31 although
the presence of globular structures of nonheme iron re-
ported in chronic lesions32 could confound the differ-
entiation.

The peripheral rings were observed in vivo and with-
out the use of contrast agents. Rings were observed in
8% of lesions, less than the 21% of lesions reported to
show edge activity on hematoxylin and eosin stain-
ing,33 but more than the less than 1% observed in the
magnitude images. The large slice thickness and low
concentration of iron are likely responsible for some of
the missed edge activity. If future histological studies
confirm that LFS maps give direct detection of iron-
rich macrophages, phase imaging could become estab-
lished as a more sensitive technique for imaging acute
inflammation than injecting gadolinium, which detects
only blood–brain barrier breakdown,34,35 and as a less
invasive technique than introducing macrophages la-
beled with ultrasmall particles of iron oxides.36,37

Phase Images Showed Quantifiable Field Shifts in
Multiple Sclerosis Lesions
We observed phase contrast in 74% of lesions. About
30% of these lesions were not visible in magnitude im-
ages, perhaps because magnitude is sensitive to many in-
trinsic (T1, proton density, diffusion, and so forth) and
extrinsic (TR, flip angle, and so forth) parameters that
can mask the T2 decrease from iron. For example, T2
lengthening caused by edema, inflammation, and demy-
elination could mask the decrease in T2 from iron-rich
macrophages and cause the magnitude image to appear
hyperintense instead of hypointense. In the phase image,
the paramagnetic field effects of the iron could be quan-
tified because phase is sensitive only to field shifts.
Susceptibility-weighted images,38 a technique that mul-
tiplies a filtered and masked phase image into the mag-
nitude image to enhance contrast in susceptibility-
shifted features such as veins, suffers a similar challenge
to magnitude images for quantification of iron because
of the contrast contribution from the magnitude images.

Phase Images Showed Close Association of Vessels
with Lesions
We observed penetrating vessels in 268 of the 403 le-
sions, supporting the contention that MS progresses
along the vasculature39,40 and affirming the improved
detection of microvasculature in MS lesions recently
reported at 7 Tesla.41,42 The 7-Tesla field strength has
both high signal-to-noise ratio and high magnetic sus-
ceptibility effects, producing high-resolution images
sensitive to even very small veins. Phase images had
narrower venous definition than magnitude images or
expected for susceptibility-weighted images. More than
80% of lesions with penetrating veins had peripheral
phase contrast, which may indicate perivenular inflam-
mation and support autopsy findings that inflamma-

tion starts around the veins with macrophages emigrat-
ing from the veins to digest myelin in response to
activation signals.43

A limitation of this study was that it did not include
measurements of vessel leakiness such as gadolinium
enhancement or cerebral perfusion. Future studies
comparing longitudinal gadolinium enhancement with
lesion LFS may elucidate whether local iron accumula-
tion predicts or follows blood–brain barrier compro-
mise. We do not believe that the perivascular phase
contrast is the result of increased leakage caused by in-
creased perfusion since previous studies have reported
decreased perfusion in both MS lesions and MS
normal-appearing white matter relative to controls.44 It
would be interesting, however, to compare phase with
the relative perfusion of acute lesions, which were re-
ported to have greater perfusion than nonacute lesions.

In summary, phase images at 7 Tesla showed novel
contrast in high-resolution images of MS lesions and
enabled quantitative assessment of the LFS in the deep
gray nuclei. The technique was easily integrated into a
clinical examination because it used the same scan ac-
quired for conventional magnitude images and, there-
fore, did not require an additional scan. Increased
phase in the basal ganglia supported postmortem his-
tological studies showing excess iron in the basal gan-
glia. Phase contrast in lesions was consistent with his-
tological studies reporting iron-rich macrophages at the
lesion periphery and a close association of lesions with
venular vasculature. This quantitative technique
showed promise for monitoring disease severity and
furthering understanding of MS inflammatory-
demyelinating processes in vivo using MRI.
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