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Magnetic Resonance
Imaging of Brain Iron

A prominently decreased signal intensity in the globus pallidum, reticular substantia
nigra, red nucleus, and dentate nucleus was routinely noted in 150 consecutive individ-
uals on T2-weighted images (SE 2000/100) using a high field strength (1.5 T) MR system.
This MR finding correlated closely with the decreased estimated T2 relaxation times
and the sites of preferential accumulation of ferric iron using the Perls staining method
on normal postmortem brains. The decreased signal intensity on T2-weighted images
thus provides an accurate in vivo map of the normal distribution of brain iron. Perls stain
and MR studies in normal brain also confirm an intermediate level of iron distribution in
the striatum, and still lower levels in the cerebral gray and white matter. In the white
matter, iron concentration is (a) absent in the most posterior portion of the internal
capsule and optic radiations, (b) higher in the frontal than occipital regions, and (c)
prominent in the subcortical “U” fibers, particularly in the temporal lobe. There is no iron
in the brain at birth; it increases progressively with aging. Knowledge of the distribution
of brain iron should assist in elucidating normal anatomic structures and in understand-
ing neurodegenerative, demyelinating, and cerebrovascular disorders.

It has been suggested that magnetic resonance (MR), aside from producing
exquisite anatomic images, may also provide unique biochemical information about
brain function. Early attempts at Na-23 and P-31 imaging and spectroscopy have
been promising but time-consuming. Initial studies of T1 and T2 relaxation times
using proton MR imaging have proved highly feasible in a reasonable imaging time,
but they have been disappointing in terms of specificity for lesion differentiation.
When using a high field strength (1.5 T) MR unit, a consistent finding was apparent
in every patient studied on a T2-weighted or calculated T2 image. This normal
finding consisted of decreased signal intensity (decreased T2 relaxation time) in
specific brain locales, including the globus pallidum, reticular substantia nigra, red
nucleus, dentate nucleus, and putamen [1]. This paper gives an account of our
studies to determine the origin of this biochemical effect.

Materials and Methods

MR images were reviewed from 150 consecutive brain studies in patients ranging in age
from 8 years to 76 years. Various pathologies were present in all but 21 patients who had
normal neurologic and MR examinations.

All proton-imaging studies were performed on a prototype General Electric MR system
using a superconducting magnet operating at 1.5 T (15 kG). At least two standard pulse
sequences were routinely used: (1) a multislice spin-echo pulse sequence with a repetition
time (TR) of 2000 msec and an echo delay (TE) of 100 msec (SE 2000/100) to obtain T2-
weighted information, and (2) a multislice spin-echo partial-saturation pulse sequence with a
TR of 400 msec and a TE of 20 msec (PS 400/20) to obtain T1-weighted information.

In addition, 13 patients (ages 16 years to 63 years) also had a comprehensive single-slice,
multiple spin-echo analysis at one or more brain levels using a TR of 1500 or 2000 msec and
a TE of 25, 50, 75, and 100 msec. These multiple spin-echo data were used to calculate
images of T2 as well as pseudodensity by performing a linear regression on the logarithms
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Fig. 1.—Normal brain iron, axial 1.5 T MR. A, SE 2000/100: decreased
signal intensity (decreased T2, increased iron) prominently noted in the globus
pallidum (G) as compared with the putamen (P) and thalamus (T) in this normal
43-year-old woman. B, PS 400/20: normal appearance at same basal ganglia
level with expected decreased signal intensity (increased T1) in gray matter

of the source signal values for each pixel. The negative reciprocal of
the slope of the fitted line represents T2, while the exponential of the
intercept represents pseudodensity [2]. Pseudodensity is equivalent
to the signal that would be measured at a TE of zero. The fitting
details are described more fully by MacFall [2]. The T2 values from
normal regions of cortical gray and white matter, basal ganglia nuclei,
internal capsule, thalamus, and lateral ventricles were then tabulated
using the average value from operator-selected, specified regions of
interest from the T2 maps. The regions of interest included 25 pixels
in order to determine an accurate mean and standard deviation yet
avoid excessive partial volume averaging. Owing to size constraints,
the region of interest was limited to 9 pixels in the caudate, putamen,
globus pallidum, and internal capsule.

A slice thickness of 5 or 10 mm was routinely used with a 128
(phase) x 256 (frequency) matrix size for both the single-slice and
multislice acquisitions. All images were obtained using a single signal
average (one average = two excitations). It therefore required 8 min
and 32 sec to acquire a single-slice or multislice group of images with
a TR of 2000 msec.

In addition to the MR studies, additional iron-staining experiments
were performed on 12 other individuals. Formalin-fixed brains from
normal individuals were washed in tap water for 15 min, rinsed with
distilled water three times, and then immersed in Perl's solution for
30 min to determine the topographic distribution of ferric (Fe Ill) iron
in the brain. At the end of 30 min, the staining solution was decanted
and the specimens washed in running tap water for 5 min followed
by black and white color photography. The Perls histochemical re-
action results in a concentration-related blue intensity in areas of
brain containing ferritin and other ferric compounds to which iron is
loosely bound [3, 4]. The topographic distribution of iron was then
studied in these postmortem brains from 12 neurologically intact
individuals of the following ages: newborn (2), 1 year, 18 years, 21
years, 43 years, 44 years, 67 years, 70 years, 74 years, 76 years,
and 84 years.

Results
Image Analysis

Discrete regions of decreased MR signal intensity on SE
2000/100 images (decreased T2) were well visualized in the
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structures. C, SE 2000/100: decreased signal intensity (decreased T2, in-
creased iron) in red nucleus (arrowhead) and reticular substantia nigra (arrow)
in same patient. D, PS 400/20: the red nucleus and substantia nigra are not
delineated on this T1-weighted image.

globus pallidum, red nucleus, pars reticulata of the substantia
nigra, dentate nucleus of the cerebellum, and to a lesser
degree in the putamen of every individual studied (Figs. 1 and
2). In addition, the signal intensity of the frontal white matter
was consistently lower than that of the occipital visual white
matter pathways. A focal area of mildly increased signal
intensity was normally seen at the posterior border of the
posterior limb of the internal capsule (retrolenticular). A sub-
cortical white-matter ribbon of decreased signal intensity on
the SE 2000/100 images was consistently seen most promi-
nently in the temporal lobe on coronal images (Fig. 2).

The globus pallidum had a slightly higher signal intensity
than the caudate or putamen on the PS 400/20 msec images.
The T1 of gray matter is normally higher than that of white
matter (decreased signal intensity on PS 400/20 image). An
increase in signal intensity was not seen in the red nucleus,
substantia nigra, or dentate nucleus on the PS 400/20 im-
ages. In three individuals in whom SE 6000/20 images were
obtained, the signal intensity in the globus pallidum was
always lower than that in the caudate and putamen (Fig. 3),
denoting a decreased spin density in the pallidum. A de-
creased signal intensity in the globus pallidum, substantia
nigra, red nucleus, and dentate nucleus was also routinely
noted on SE 2000/30 images, though not as prominently as
on the SE 2000/100 series.

T2 Relaxation Time Estimations

The mean T2 relaxation times in 13 subjects estimated
from 10-mm axial sections passing through the basal ganglia
are summarized in Table 1. The lowest T2 value was found
in the globus pallidum; intermediate T2 values were found in
the putamen; and the highest T2 values were in the thalamus,
caudate, cerebral gray, and cerebral white matter. The T2 of
the occipital white matter was either equal to (4) or greater
than (7) the frontal white matter in 11 of the 13 studies.
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Fig. 2.—Normal brain iron, coronal 1.5 T MR. A-C, SE 2000/100 images in normal 48-year-old man clearly delineate regions of decreased signal intensity
(decreased T2, increased iron) in the globus pallidum (G), putamen (P), red nucleus (arrowhead), reticular substantia nigra (arrow), dentate nucleus (D), and

subcortical “U” fibers (open arrows).

Fig. 3.—Normal spin density im-
age. Spin-density (PS 6000/20)
weighted image shows the highest
signal intensity in the putamen as
fewer white matter tracts course
through the putamen as compared
with other basal ganglia nuclei.

Neuropathologic Localization of Ferric Iron (Perls Stain)

The ferric iron was apparent as blue staining in a specific
topographic distribution in all brains except for the two new-
borns. The brain from the one-year-old subject showed faint
blue staining of both segments of the globus pallidum, the
substantia nigra, and the red nucleus, but no staining was
seen in the dentate nucleus, striatum, or thalamus. In the
remaining nine brains, there was intense blue staining (in-
creased ferric iron) in the globus pallidum, red nucleus, pars
reticulata of substantia nigra, subthalamic nucleus, and den-
tate nucleus of the cerebellum (Fig. 4). Moderate blue staining
was noted in the putamen, caudate. Ammon'’s horn, and
thalamus, while only slight staining was seen in the centrum
semiovale. The optic radiations were consistently unstained,
and a thin ribbon of moderately intense blue staining coincided
with the subcortical “U” fibers. With increasing age (e.g.,
brains from the 74-year-old, 76-year-old, and 84-year-old
subjects), the blue intensity in the putamen was nearly as
intense as in the globus pallidum, and the staining in the

TABLE 1: Estimated T2 Relaxation Time, 13 Patients

M )
T2 (;:26). (msszc) ?::35 Ratio vs. White
Cerebral white? 72 3.7 57-80 —
Cerebral gray® 73 25  59-79 1.01
Globus pallidum 60 25 49-70 .83
Putamen 68 1.8 54-79 .94
Thalamus 73 2.2 55-94 1.01

T2 estimated from TR 1500 msec; TE 25, 50, 75, and 100 msec single-slice multiple
spin-echo pulse sequence.

2Mean of 6 x 6 pixel region of interest in frontal and occipital white matter of each
patient.

3 Mean of four regions of interest in cerebral gray matter of each patient.

dentate nucleus of cerebellum was less discrete and spread
into surrounding tissues (Fig. 5). The regions of decreased
T2 relaxation time and decreased signal intensity on SE 2000/
100 images coincided precisely with the sites of the most
intense blue staining using the Perls method.

Tissue blocks from the basal ganglia, midbrain, and dentate
nucleus were taken from four cases after sections were
stained for iron, dehydrated, and embedded in paraffin. These
sections were then cut and histologic sections stained for iron
by the Perls method. All sections disclosed positive micro-
scopic iron staining within the same regions in which ferric
iron was seen macroscopically (Perls stain). The microscopic
deposition of iron was within astrocytes, while no iron was
seen within neurons.

Discussion

A decreased signal intensity on SE 2000/100 (T2-weighted)
images was noted in specific anatomic locales in 150 consec-
utive patients studied with high field strength (1.5 T) MR
imaging. This finding, as well as decreased calculated T2
measurements from 13 patients, correlated precisely with the
highest concentration of ferric iron as determined by the Perls
staining method on 12 normal postmortem brains. An under-
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Fig. 4.—Perls stain of normal brain (44-year-old man). The greater intensity
of blueness on the Perls stain represents the highest concentration of ferric
iron correlating closely with regions of decreased signal intensity on high field
MR. A, Globus pallidum (G), putamen (P), caudate (C), internal capsule (l),
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frontal white matter (F), optic radiations, (O), and subcortical “U" fibers (arrow).
B, Red nucleus (R), substantia nigra (N), and periaqueductal gray matter (P).
C, Dentate nucleus of the cerebellum (D).

Fig. 5.—Perls stain of brain with normal aging. The greater intensity of
grayness represents the highest concentration of ferric iron. A, One-year old:
negligible brain iron. B, 43-year-old: normal distribution of ferric iron with highest
concentrations in the globus pallidum, red nucleus, substantia nigra, and

standing of the normal distribution of brain iron may thus
prove critical for the interpretation of high field strength MR
images.

Brain Iron Distribution

Certain sites in the brain have a preferential accumulation
of nonhaemin iron. Hallgren and Sourander [5] studied the
distribution of iron in 81 normal brains at autopsy. They
described a progressive increase in iron distribution that
plateaus in the late teens or twenties with a second, milder
increase after age 60. The normal sites of iron predilection
from various pathologic studies [5-8] as well as our own are

dentate nucleus and lower concentrations in the putamen, caudate, and sub-
cortical "U" fibers. C, 84-year-old: the ferric iron concentration in the putamen
and caudate equals that in the globus pallidum, and the iron in the dentate
nucleus is no longer discrete.

in decreasing order of frequency: the globus pallidum (20-25
mg Fe/100g), red nucleus, zona reticulata of the substantia
nigra, subthalamic nucleus of Luys, dentate nucleus of cere-
bellum, and putamen. The caudate and thalamus contain
lower concentrations of nonhaemin iron. The lowest iron
concentrations are found in the cerebral and cerebellar hem-
ispheric white and gray matter. The subcortical “U" fibers
have a greater iron content than either the cerebral gray or
white matter [5]. The frontal white matter has a greater iron
distribution than the occipital white matter with almost no
ferric iron in the most posterior portion of the posterior limb
of the internal capsules and optic radiations.

Our study confirms that there is no detectable ferric iron in
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the brain at birth, with iron stains first becoming positive at
approximately 6 months of age in the globus pallidum. This
is followed by staining in the reticular substantia nigra at 9 to
12 months, the red nucleus at 18 to 24 months, and the
dentate nucleus at 3 to 7 years [6-8]. There is a mixture of
granular and diffuse iron in the brain, and the granular
iron increases progressively with age. Brain iron is likely
independent of hemoglobin metabolism and the iron reserves
of the remainder of the body. For example, the siderosis with
hemochromatosis only occurs in areas of the brain that do
not have a blood-brain barrier (e.g., neurohypophysis, pineal,
area postrema, choroid plexus, infundibulum, subfornical
body) [6].

Iron Metabolic Pathway

Iron is absorbed via the small bowel and is immediately
bound to transferrin on entering the bloodstream. Transferrin
transports iron to body cells but is not assimilated by the cell.
When iron is incorporated into protoporphyrin IX, it is con-
verted to heme iron and becomes a component of proteins,
such as hemoglobin, myoglobin, cytochromes, catalase, and
peroxidase. Nonhaemin iron attaches to hemosiderin, apofer-
ritin, and ferritin, and in these forms is considered storage
iron. Ferritin is derived from apoferritin when micellar iron
enters the core of the molecule. Apoferritin is synthesized
intracellularly by free and bound ribosomes, and its formation
may be stimulated by the presence of iron. The amount of
ferritin produced is dependent on the amount of iron available.
Ferritin has a molecular weight of 480,000 with a crystalline
ferricoxyhydroxide core containing 4000 ferric iron molecules
in a high-spin state (S = 5/2), a protein shell, and recognition
at electron microscopy as quadruplicate granules with a
dense central core [6]. Ferritin does not cross the blood-brain
barrier.

Monclonal antibodies against rat and human transferrin
receptors label the luminal surface of brain capillary endothe-
lial cells but not capillaries in the remainder of the body [9].
These receptors may allow the transport of transferrin, and
thus iron, into the brain from the circulating blood. It is of
interest that the greatest transferrin receptor density is not in
regions of brain with the highest iron concentration but rather
in areas that have their dominant projections to iron-rich
locales [10]. This suggests that an axonal transport of iron
may be made to regions of the brain requiring iron for specific
metabolic activities. Hill et al. [10] have proposed that trans-
ferrin receptors are in the neuropil in molecular layers of
laminated brain regions, at which sites iron transferrin is
internalized by neuronal dendrites, transported along axons,
and subsequently released and stored in oligodendrocytes.

Histochemical examinations by Diezel [7] revealed that a
large part of the finely granular brain iron is present as ferritin,
the most readily mobilizable form of storage iron. Hallgren
and Sourander [5] found that the mitochondria and micro-
somes contain approximately half of the nonhaemin iron in
the brain. Microscopically, fine granular deposits of iron are
seen predominantly in glial cells and oligodendrocytes [4, 5],
but they may also be seen in neurons, the neuropil, and inner
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and outer loops of myelin sheaths. The high iron content,
solubility characteristics, typical electron microscopic appear-
ance, electrophoretic mobility, stability to heat, and prominent
staining with Perls histochemical reaction for ferric iron make
it highly likely that the soluble iron-containing protein in the
brain is predominantly ferritin [4-7, 11-13].

In addition to ferritin, brain iron is present in other forms.
Iron enzymes play an important role in oxidative reactions [4,
6, 13-17]. For example, the enzyme DPNH-cytochrome-
C-reductase has a high iron content. Iron and lactoflavin
content of the brain are generally parallel except for low
lactoflavin in the globus pallidum [6]. This suggests that iron-
containing flavoproteins (DPNH dehydrogenase, succinic acid
dehydrogenase) may play an important role in cellular respi-
ration. The increased concentration of nonheme iron in the
brain mitochondria and microsomes with aging suggests that
this may reflect an alteration in enzyme systems of the cell
(e.g., electron transport system of the mitochondria) [5, 18].
Biopsies of the VL nucleus of the thalamus from Parkinsonian
patients have demonstrated iron impregnation of mitochon-
dria that have been theorized to interfere with the electron
transfer system and thereby the BBB leading to progressive
accumulation of iron [19].

Brain Iron and Neurotransmitters

Iron may also play an important role in neurotransmitter
metabolism [14-16]. Iron is a required cofactor for the mono-
amine synthetic and degradative enzymes tyrosine hydroxyl-
ase, tryptophan hydroxylase, and aldehyde oxidase; and it
plays an important role in the maintenance of monoamine
oxidase levels [17]. Iron is also involved in serotonin and
dopamine receptor function [17]. Some of the neurologic
symptomatology (e.g., poor attentiveness and control) asso-
ciated with chronic iron deficiency anemia, especially in chil-
dren, has been attributed to abnormal functioning of the
dopamine system [14, 17, 20-22].

Hill and Switzer [4], using a Perls histochemical reaction
for ferric iron intensified with diaminobenzidine, found a similar
normal preferential distribution of brain iron in the globus
pallidum, reticular zone of substantia nigra, interpeduncular
nucleus, and dentate nucleus in rats. Of interest is that areas
of highest monoamine concentration (e.g., caudate, zona
compacta of substantia nigra) have only low to moderate iron
concentrations. The globus pallidum and reticular substantia
nigra (high iron locations) are efferent motor nuclei with high
concentrations of gamma-aminobutyric acid (GABA) [23].
These similarities of iron and GABA distribution suggest that
iron may play a role in GABA metabolism [4]. Hill [24] has
recently reported a significant reduction in iron concentration
in the homolateral ventral pallidum, globus pallidum, and
substantia nigra 2 days after injecting gamma-vinyl GABA
(enzyme-activated inhibitor of GABA transaminase) into the
striatum/globus pallidum region. Glutamine binding is a pre-
cursor for GABA metabolism [25]. Iron is also a requirement
for succinic dehydrogenase, the enzyme through which
the product of the GABA shunt re-enters the citric acid cycle
[26].

Metalloenzymes are also involved in the metabolism of
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neuroactive peptides [27]. Enkephalin is abundant in high-
iron-concentration sites (ventral pallidum, globus pallidum,
interpeduncular nucleus) in the rat. However, many sites of
lower iron concentration also have abundant enkephalin
[28]. These anatomic similarities between GABA, enkephalin,
and iron distribution in specific brain locales suggest that iron
may be associated with neurotransmitter or neuroactive pep-
tide metabolism, and that the gradual increase of iron with
age may relate to storage of metabolic products with iron.

Iron and Aging Brain

Iron may play an important role in the normal aging process.
Dismutation of O, leads to production of hydrogen peroxide
(H202), which readily crosses cell membranes [29]. When
H.O, comes in contact with ferrous (lIl) iron, highly reactive
hydroxyl radicals and ferric (lll) iron are produced. Low-molec-
ular-weight iron complexes (e.g., iron-citrate, iron-ATP), rather
than storage iron (ferritin), are the major catalysts of this
reaction [29]. Hydroxyl radicals initiate lipid peroxidation,
which causes a loss of membrane permeability to calcium
with its associated cellular toxicity. This series of reactions
may be prevented by removing metal ions, e.g., iron chelation
with desferrioxamine, which binds ferric salts in a form that
cannot be reduced by superoxides [30].

Iron and Brain Disorders

There is strong neuropathologic evidence that various de-
generative disorders involving the central nervous system are
associated with an increase in brain-iron deposition. The
disorder in which increased iron is most firmly established is
neuroaxonal dystrophy or Hallervorden-Spatz disease [6].
There is extensive iron deposition in the globus pallidum and
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Fig. 6.—Perls stain and MR of normal brain. A,
Perls stain shows absence of blue staining (i.e.,
ferric iron) in the posterior section of the posterior
limb of the internal capsule (arrow). B, SE 2000/
100 image from normal patient showing a normal
increased signal intensity in the posterior portion of
the posterior limb of the internal capsule due to
absence of ferritin.

reticular zone of the substantia nigra that is far in excess of
that seen in these normally high-iron locations. In addition,
iron may catalyze pseudoperoxidation of lipofuscin into neu-
romelanin, which is largely responsible for the pigmentary
accumulations in Hallervorden-Spatz [31, 32].

Many other disorders of the central nervous system have
been associated with an excessive deposition of iron in spe-
cific brain locales. Excessive iron deposition has been re-
ported in Huntington's disease [33] (caudate, putamen), Par-
kinson's disease and multisystem atrophy variants [19, 34-
36] (putamen, globus pallidum), Alzheimer's disease [18]
(cerebral cortex), multiple sclerosis [37] (adjacent to plaques),
radiation effects [6] (vascular endothelium), chronic hemor-
rhagic cerebral infarction [6] (ferrugination), and intracerebral
hematoma periphery [6] (macrophage-laden ferritin and he-
mosiderin accumulation occurs within 24 hr). The ability to
precisely map the distribution of iron in the brain in vivo may
therefore provide important new insights into the diagnosis
and pathophysiology of the brain damage that occurs in
association with neurodegenerative, demyelinating, and vas-
cular disorders.

An understanding of the normal brain-iron distribution may
also help interpret high field strength T2-weighted MR im-
ages—even in diseases that are not associated with abnormal
iron deposition—by highlighting normal anatomic landmarks.
The absence of iron in the most posterior portion of the
posterior limb of the internal capsule and optic radiations
explains the relatively increased signal intensity often seen in
this location on long TR and TE (e.g., SE 2000/100 msec)
pulse sequences (Fig. 6). The frontal white matter has a lower
signal intensity than the occipital white matter because of
higher iron concentration. On coronal SE 2000/100 images,
the temporal-lobe white matter has a lower signal intensity
than the frontal or parietal white matter because of partial
volume effects from the closer proximity of iron-containing
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subcortical “U” fibers in the temporal lobe. The characteriza-
tion of vasogenic edema or demyelinating disorders as involv-
ing only white matter is simplified owing to sparing of the
decreased-signal-intensity, iron-containing, basal ganglia nu-
clei.

Iron and T2 Relaxivity

The question arises as to whether the prominent decrease
in T2 in the described locations on high field strength imaging
is definitely related to iron accumulation. Calcium may in-
crease with age in the globus pallidum and dentate nucleus,
but it does not accumulate in significant quantities in the red
nucleus or substantia nigra. The structures that have de-
creased signal intensity on the T2-weighted images have an
intensity comparable to cerebral gray matter on non-T2-
weighted images. Melanin has only a mild effect on T1 relax-
ivity and a different topographic distribution. Lipofuscin has a
similar anatomic localization, but will not significantly and
specifically affect T2 relaxivity. Iron is the only trace metal in
the brain that can prominently and preferentially decrease the
T2 relaxation time and localize in precisely the topographic
basal ganglia regions seen on the high field strength MR
images.

The marked dominance of the T2 effect is fully in keeping
with the presence of ferric iron in the brain. Stark et al. [38]
reported a similar T2 relaxivity dominance with hepatic iron
overload. The decreased T2 in the absence of decreased T1
is a consequence of increased localized ferritin in the de-
scribed basal ganglia regions. The crystalline ferricoxyhydrox-
ide core of ferritin has up to 4000 ferric ions per molecule and
is encased by an approximately 25-angstrom protein shell.
Theories of outersphere relaxation would suggest no signifi-
cant alteration in the T1 or T2 relaxation time using proton
MR. However, intracellular iron causes slow statistical fluc-
tuations in the magnetization of each ferritin core giving rise
to local magnetic field gradients and inhomogeneities [39-
42]. Water molecules diffusing in the region of the ferritin
molecule will experience a relatively static magnetic field
resulting in line broadening on the proton chemical shift spec-
tra, a significant decrease in the transverse relaxation (T2)
without affecting the longitudinal relaxation (T1), and a result-
ing decrease in signal intensity on an SE 2000/100 msec (T2-
weighted) image. In essence, the protons in an area of the
brain with a high ferritin content (e.g., globus pallidum) en-
counter a local, static magnetic field (heterogeneity in mag-
netic susceptibility) that is larger than anticipated, and the
resulting T2 is therefore less. This statistical fluctuation is
proportional to the square of the magnetic field strength,
which explains the difficulty in visualizing normal concentra-
tions of brain iron at lower field strengths.

By monitoring the decreased signal intensity on T2-
weighted images in specific brain locales (e.g., globus palli-
dum, red nucleus, reticular substantia nigra, dentate nucleus)
and by understanding the large, slow statistical variations in
the magnetization of the ferritin core resulting in a large,
relatively static local magnetic field, routine MR imaging can
be used to create a map of brain ferric iron distribution in a
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living subject. This new, in vivo, biochemical application of
proton MR should facilitate new, dynamic insights into the
normal selectivity of iron for preferential sites in the brain and
also provide a new tool to assist in the diagnosis and under-
standing of many disorders involving the central nervous
system [43].
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