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Magnetic Resonance Imaging of Iron in Parkinson's Disease
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Abstract: The primary pathology of idiopathic Parkinson's disease (PD) is degeneration of the substantia nigra pars
compacta. This leads to a reduction in striatal dopamine, which results in the cardinal symptoms of bradykinesia, tremor
and rigidity. Increased iron content is consistently reported post-mortem in the substantia nigra of patients with PD and
reactive microglia and its capacity to enhance production of toxic reactive oxygen radicals. This may suggest that iron-
related oxidative stress may be an important component of the neurodegenerative process in such patients. Presently the
mechanisms involved in the disturbances of iron metabolism in PD remain obscure, but evaluating iron contents in brain
of PD may be important.

Evaluation of iron contents in brain has been possible only with post-mortem study, but advent of MRI techniques makes
it possible to evaluate brain iron deposits in vivo. However, previous studies have been inconsistent with the findings
compared with post-mortem investigations. This suggests that improved MRI techniques may be useful for assessing
brain iron deposits with greater accuracy.

In this mini-review, we discussed investigations for assessing brain iron in PD.

Keywords: Magnetic resonance imaging (MRI), iron, parkinson's disease (PD), transverse relaxation time, spin echo (SE),
gradient echo (GE).

INTRODUCTION

In his classic 1817 monograph "Essay on the Shaking
Palsy," James Parkinson described the core clinical features
of Parkinson's disease (PD)[1]. After about more than a
century, the central pathological feature of PD was found to
be degeneration of the substantia nigra pars compacta
(SNpc) [2, 3]. This leads to a reduction in striatal dopamine,
which results in the cardinal symptoms of bradykinesia,
tremor and rigidity. Based on these researches,
replenishment of striatal dopamine (DA) through the oral
administration of the DA precursor levodopa (L-3, 4-
dihydroxyphenylalanine) was started and alleviates most of
these symptoms. Although the discovery of levodopa
revolutionized the treatment of PD, we soon learned that
after several years of treatment most patients develop
undesirable symptoms such as dyskinesias and freezing
which are difficult to control and significantly impair the
quality of life. Thus, current research is directed toward
developing neuroprotective drugs to halt or retard neuron
degeneration in PD. In such situation, brain iron metabolism
in PD has accumulated attention in relation to oxidative
stress to the SNpc [4].

Increased iron content is consistently reported post-
mortem in the SNpc of patients with PD [5, 6] and reactive
microglia and its capacity to enhance production of toxic
reactive oxygen radicals. This may suggest that iron-related
oxidative stress may be an important component of the
neurodegenerative process in such patients, although there
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are controversy [4]. Presently the mechanisms involved in
the disturbances of iron metabolism in PD remain obscure,
but evaluating iron contents in brain of PD may be
important.

EVALUATION OF BRAIN IRON BY MAGNETIC
RESONANCE IMAGE (MRI)

General Aspects

Iron exists in vivo  roughly in two different forms; heme
and nonheme iron. Heme iron exists mainly as hemoglobin
and myoglobin, and nonheme iron mainly as ferritin and
hemosiderin bound to nonheme iron [5-10]. The relationship
between iron metabolism and disease process in degenerative
diseases in the central nervous system (CNS) has become
clearer through such concepts as oxidative stress [4, 11]. In a
postmortem study, Hallgren found nonheme iron deposits
mainly in the basal ganglia, and an increase in iron deposits
along with aging [5-7]. Nonheme iron deposits are more
abundant in neurodegenerative disorders than in controls
[12]. Thus, estimating iron deposits is critical for analyzing
neurodegenerative process in these diseases.

Since local magnetic inhomogeneity reduces the
transverse relaxation rate of MRI, the amount of iron
deposits in tissue can be estimated by measuring this rate
[13, 14]. On average, one-third of the brain iron content is
stored in the form of the metalloprotein ferritin [5]. The form
of iron is important because the effects of ferritin on MR
imaging are different from those of other biologic forms of
iron. All ferritins have 24 protein subunits arranged in 432
symmetry to give a hollow shell with an 80 Å diameter
cavity capable of storing up to 4500 Fe_(III) atoms as an
inorganic complex. Its ability to sequester the element gives
ferritin the dual functions of iron detoxification and iron



44    Current Medical Imaging Reviews, 2005, Vol. 1, No. 1 Abe and Hikita

reserve. The T2 effect of ferritin is much stronger than the T1

effect [15-23].

Since iron accumulation affects the MR signal
(particularly T2), attempts have been made to monitor
changes in iron deposits in patients with PD by using MR T2

relaxometry [24, 26], a combination of T2 - and T2 *-
weighted images [26], and the dependence on interecho
timing of T2 relaxometric sequences [27]. Imaging a pure
sample placed in a homogeneous B0 (where B0 is the
magnitude of the main static magnetic field) field, the
following a 90°RF pulse, the free induction decay (FID) will
decay away with time constant T2. If the field is not pure,
spin in the different field losing phase coherence, and the
FID decaying faster than if the sample were in a pure field.
An inhomogeneous B0 field therefore introduces additional
dephasing, on top of that generated by the random thermal
activity of the sample. The time constant that describes the
decay of the FID in such circumstances is known as R2* and
is given by the summation of the natural transverse
relaxation rate R2 (R2 =1/ T2) plus an additional relaxation
term, R2’(R2’=1/ T2’), such that

R2* = 1/ T2* = R2 + R2’ = 1/ T2 + 1/ T2’ (Equation 1)

Note that T2* is contribute to by ‘natural’ T2 process and
also additional effects. The effects of inhomogeneous B0

field can be eradicated by the use of a spin echo. However,
again, it must be stressed that theses effects are only
eliminated at the peak of a spin echo train, the signal decays
away more rapidly than that observed with pure T2 relaxation
(Fig. 1) [28, 29]. In other words, inhomogeneities of samples
may be separated into global (R2) and local (R2’) field
inhomogeneities. Consequently, transverse magnetization of
MRI is lost at an exponential rate R2* (eR2*). A 180°pulse
can be used to refocus the phase of protons, causing them to
recover transverse magnetization. The maximum intensity of
the signal is limited by an exponential rate R2 (eR2).

Generally, R2 is the irreversible contribution and R2’ is the
reversible contribution to the 180°-pulse. The 180°-pulse is
frequently used to correct local magnetic inhomogeneity.

A hypothesis has widely been accepted that the local
magnetic inhomogeneity caused by iron is affected by R2’
but not by R2 (Fig. 2) [26,28,30,31]. Ordidge measured R2,
R2’, and R2* using special sequence and concluded that R2’
was affected predominantly by iron deposits [26]. However,
accumulating evidences have suggested that R2 as well as
R2’ was affected by iron deposits [20, 30-34]. Thus, it is
possible to evaluate brain iron deposits in vivo using high-
field strength spin-echo T2 weighted MRI [35]. T2 relaxation
time is shortened in approximate proportion to regional iron
content [33, 35] and appears as signal hypointensity in T2

weighted MRI. Signal reduction is due to additional proton
spin dephasing from iron-induced local field
inhomogeneities. This additional dephasing is detected
because radiofrequency refocusing cannot compensate for it.
With advent of MR sequence techniques, it becomes a matter
of controversy whether the local field inhomogeneity
induced by iron deposits is affected only by R2’ or by both
R2 and R2’ [36-38].

Appropriate Pulse Sequences for Evaluation of Brain
Iron in PD

To determine appropriate pulse sequences for evaluation
of brain iron accumulation in neurological diseases including
PD, many attempts have been going on [36-40].

Ma et al. introduced the GESFIDE (gradient echo
sampling of free induction decay and echo) sequence, which
can simultaneously obtain the reversible and irreversible
contributions [40]. GESFIDE is basically a Hahn [41] spin
echo (SE) sequence (90°- TE/2- 180°- TE/2, where TE is
abbreviation of echo time), and it collects a series of gradient
echoes every five millisecond from the spin excitation to the
spin echo at TE=120ms. From the GESFIDE data, the two
effective relative rates were separately obtained, R2*A (prior

Fig. (1). Decay of T2 and T2*
T2* signal decays away more rapidly than that observed with pure T2 relaxation.
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to the 180°-pulse) and R2*B (after the 180°-pulse). R2’ was
calculated as 1/2(R2*A - R2*B) and R2 as 1/2(R2*A + R2*B).
Graham et al. evaluated iron deposits in the basal ganglia in
PD using a partially refocused interleaved multiple echo
(PRIME) MRI sequence [14]. Their sequence yields both
T2* and T2 information directly, from which T2', a pure
measure of local field inhomogeneity due to tissue iron
content, can be obtained [14, 42]. Hikita et al.  measured R2

and R2’ of basal ganglia and frontal cortex by GE and by
MSE in healthy volunteers and discussed advantage and
disadvantage of both methods [30, 31]. According to their
methods, representative R2 maps based on the MSE (multiple
spin echo) and GESFIDE sequences, and a representative R2’
maps based on GESFIDE are presented in (Fig.  3). In the R2’
map, high intensity lesions were enclosed in the rectangles A
and B. Rectangle A is the borderline between the skull and
the brain surface and rectangle B is a site above the skull
base and paranasal sinus. Since these air-bone borderlines
reproduced the magnetic susceptibility difference artifacts
and represented as high intensity signals on R2’ map,
identification of anatomical structures on this map may be
difficult. In addition, they suggested that R2 and R2’ have
sensitivity to detect iron deposits, because R2 and R2’
linearly increase with increments of iron deposits estimated
by Hallgren’s results [5, 30, 31]. Vymazal et al. studied
correlation between the extent of iron deposits and transverse
relaxation rates by using a 1.5 T MRI system, and described
linear correlations between R2 measuring by MSE and iron
deposits [20]. Gelman et al. compared R2 and R2’ measuring
by GESFIDE using a 3T MRI system and reported linear

correlations between R2 and R2’ measuring by GESFIDE and
iron deposits [43].

To obtain clear correlations between transverse
relaxation rate and iron deposits, higher magnetic strength is
needed. However, higher magnetic strength may product
local magnetic field disturbing homogeneity of basic
magnetic field [28, 44]. Orididge considered that R2’
measured by a 3T MRI system showed the best correlation
with the amount of iron deposits when magnetic field
inhomogeneity was corrected [45]. If static magnetic field
inhomogeneity is corrected, even a lower magnetic strength
model such as a1.5T MR system produces satisfiable R2’
values. However, the correction of magnetic field
inhomogeneity usually needs complex procedures and is not
practical to evaluate iron deposits in the basal ganglia and
SNpc where primary pathological processes are going on in
PD. Consequently, to estimate iron deposits in these
anatomical regions, R2 measured by SE method may be
reasonable. Although it is a matter of controversy whether
brain iron deposits can be measured only by R2’ or by both
R2 and R2’, some foregoing studies concluded that that R2

had enough to detect the brain iron deposits [24, 30, 31, 33,
34]. There comes a question why some foregoing studies
failed to find usefulness of R2. Weiskoff et al. found that R2

and R2’ depended on the size of magnetic perturbers [46].
Protons around magnetic perturbers generate diffusion that
prevents refocusing of spins after the 180° pulse and that are
affected by the size of magnetic perturber. If sizes of
magnetic perturbers are within a few micrometers, the
diffusion effect increase and transverse relaxation rates of SE

Fig. (2). Comparison of T1-, T2-, and T2* weighted images
An aneurysm in the right middle cerebral artery was underwent a clipping operation. A clip showing high density in a CT image (upper)
itself has weak magnetic effect. An old hematoma showed low intensity in a T1 weighted image (lower left), vaguely high intensity in a T2

weighted image (lower middle), and obviously low intensity in a T2* weighted image (lower right).
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and GE increase. But if they are larger enough to hundreds
micrometers, the effect can be ignored [28, 46-48]. Since
brain iron deposits mainly consisted with ferritin [5] that is
only a few micrometers in diameters, the diffusion effect
cannot be ignored. In such situation, SE has enough power to
detect brain iron deposits in PD. In Figure 4, we
demonstrated a representative R2 and R2’ maps in a patient
with PD that indicated R2 measuring by MSE has enough
power to demonstrate degenerative changes in basal ganglia
without artifacts.

Main pathological processes in PD are going in the gray
matter and we have mainly discussed iron deposits in the

gray matter. However, since the basal ganglia and brain stem
have close connections to the cerebral cortices, neuronal
pathways in the white matter may also be degenerated. Thus,
we need to evaluate iron deposits in the white matter. To
evaluate iron deposits in the white matter may be another
problem. Foregoing studies, R2 in the white matter was
higher than it in the gray matter and failed to reflect iron
deposits in the white matter [30, 31, 49]. This has been
considered that components of water and lipid in the white
matter are quiet different from those in the gray matter [49].
Bartzokis et al. measured R2 measured by  a 0.5T system and
measured also by  a 1.5T system in brain tissues [49]. In their
study, R2 in the white matter decreased with aging, but it in

Fig. (4). R2 and R2’ maps in a patient with Parkinson’s disease
R2 and R2’ maps were arranged from the left to the right, a R2 map based on MSE sequence (left), a R2 map based on GESFIDE sequence
(middle), and a R2’ map based on GESFIDE sequence (right). R2 measuring by MSE has enough power to demonstrate degenerative changes
in basal ganglia without artifacts comparing with R2 measuring by GESFIDE sequence and R2’ measuring by GESFIDE sequence.

Fig. (3). R2 and R2’ maps
R2 and R2’ maps were arranged from the left to the right, a R2 map based on MSE sequence (left), a R2 map based on GESFIDE sequence
(middle), and a R2’ map based on GESFIDE sequence (right).
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the gray matter increased with aging. However, FDRI (field
dependent R2 increase) in the white matter and in the gray
matter increased with aging. This suggests that the two
different factors; one is the increment of R2 due to iron
deposits and another is the decrement of R2 due to aging
changes of brain tissue, may affect R2 in the white matter. In
gray matter of healthy volunteers, the increment factor
overwhelms the decrement factor so that R2 increases with
aging. However, this may not be the case in degenerative
diseases including PD where elevated tissue water
substantially reduces R2 and masks R2 increment due to
elevated brain iron deposits [50]. To compensate these, more
sophisticated methods such as Bartzokis et al. described
need to be adapted [51]. However, in PD, since we do not
have enough observations to discuss iron deposits in the
white matter, measuring iron deposits in the white matter is a
future subject. In future investigations, in addition to above
mentioned techniques, iron deposits in the white matter may
be measured by relatively new techniques such as diffusion
tensor imaging [52, 53] and mapping of cerebral hemoglobin
contents [48, 54].

CONCLUSIONS

To evaluate brain iron deposits in PD, R2 measured by
GE may be most robust comparing with R2 measured by SE
or R 2’ measured by GE. However, to evaluate iron deposits
in the basal ganglia and SNpc of PD where primary
pathological processes are going on, R2 measured by SE may
present reasonable values. To understanding degenerative
process in PD, MRI evaluation of brain iron deposits in PD
is important and presents chronological information that has
never been given by pathological evaluations.
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