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ABSTRACT

Restless legs syndrome (RLS) is a neurological disorder that has 5-10%
prevalence in Western countries. Its clinical symptoms are characterized by sensorimotor
dysfunction, such as uncontrollable urges to move the legs and uncomfortable sensations,
causing sleep disturbances at night. Although a number of studies have suggested that
brain iron deficiency is strongly coupled with RLS pathophysiology, the exact
mechanism of how iron deficiency affects brain function in RLS subjects remains unclear
due to inconsistent findings from single imaging data sets. For this reason, in this study
multimodal neuroimaging techniques were applied using magnetic resonance imaging
(MRI) and spectroscopy (MRS), respectively, in order to investigate the impact of iron
deficiency on brain structural changes and neurochemical metabolism in RLS.
Twenty-four RLS patients and 24 age-matched controls were studied for the acquisition
of multimodal data sets. Multi spin-echo T2 images, high resolution T1 images, and
proton MR spectra were acquired in order to quantify iron levels, brain morphology, and
neurometabolite levels, respectively.
MRI analysis revealed that iron deficit was significantly involved in the
sensorimotor regions in RLS subjects. Additionally, brain morphological structure and
callosal thickness in RLS patients were significantly reduced in these regions as
compared to control subjects. The proton MRS data showed significantly increased
concentrations of various metabolites in RLS subjects. Based on the roles of iron in
myelin synthesis in the brain, the reduced brain volume could be caused by a myelin
deficit (hypomyelination) due to iron deficiency. This could also result in a decrease in
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the thickness of the corpus callosum, which requires high myelination of its fibers. The
MRS results are particularly notable in that they show increased levels of the
neurometabolites N-acetylaspartate and myo-inositol. Since these compounds are used in
myelin production, higher levels of these metabolites may suggest that glial cells increase
the production of NAA and myo-inositol in an attempt to rescue myelin deficits.
Therefore, the fusion of multi-modal imaging data provides a realistic approach to
understanding the mechanism underlying RLS, and is clinically useful for its early
diagnosis and interpretation of the pathological basis of RLS.
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Chapter 1
Restless Legs Syndrome
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1.1

Clinical Features
Restless legs syndrome (RLS) is a neurological disorder. The clinical

characteristics of RLS are sensory and motor symptoms characterized by an
uncontrollable and urge to move the legs in the presence of an uncomfortable sensation in
the legs described as a crawling, muscle ache or tension. Especially the regions between
the knees and the ankles are affected. Paraesthesias are usually associated with an urge to
move. Often rubbing the legs, tossing and turning in bed, stretching and flexing the legs,
or pacing the floor may be tried for relief. The symptoms of RLS are usually brought on
by rest, worse in the evening or night, which is relieved by movement. This symptom
leads to nocturnal sleep disruption and consequently to daytime somnolence [4].
Ekbom [5] first clinically described RLS in 1944 and the International RLS (IRLS)
Study Group developed a set of criteria to allow better diagnosis of this condition in
1995 [6]. Clinical diagnostic criteria for RLS have been established by the IRLS study
group [7]. The severity scale of RLS developed consists of four categories according to
the scores: mild (1-10), moderate (11-20), severe (21-30), and very severe (31-40).
RLS is a common and frequently under-diagnosed. The prevalence is estimated to
be between 1.2 and 15% depending on the population [7-10]. All studies report an
increase in prevalence with age and some suggest it may occur more frequently in women
[11]. Approximately 80%-90% of RLS patients also suffer from the associated periodic
limb movement (PLMS) of sleep disorder, in which involuntary movements of the lower
legs occur every 20 to 90 seconds during sleep [6].
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1.2.

Genetic Linkage
Genetic linkage studies of large families with many members affected by RLS

have identified many candidate susceptibility loci. The first such locus to be identified is
located on chromosome 12q, and appears to be transmitted via an autosomal recessive
mode of inheritance [12]. Subsequent studies identified loci on chromosomes 14q [13, 14]
and 9p [15], which are transmitted via autosomal dominant mechanisms. The impact of
different genes appears to depend to some extent on the population studied. Several
studies have attempted to define the role of candidate genes, identified by their known
function. One such candidate is monoamine oxidase A (MAOA), as dopamine is a
common substrate of this enzyme [16]. A mutation study showed that the presence of
high activity alleles at the MAOA gene was associated with an approximately twofold
increase in the risk of RLS in women, but not in men [17]. This relatively weak
association suggests that the MAOA gene may modify the risk of RLS, but is unlikely to
play a major role.

1.3

Dopaminergic Dysfunction
The therapeutic effects of levodopa and dopamine agonists, and the worsening of

RLS symptoms in the context of dopamine antagonists, support a hypothesis for
dysfunction in the dopamine system in RLS [18, 19]. A number of neuroimaging studies
with positron emission tomography (PET) and single photon emission computed
tomography (SPECT) found a modest decrease of the dopamine D2-receptor (D2R) in the
striatum, while studies of the 18F-Dopa uptake showed a reduction in the putamen and in
the caudate [20]. However, these changes are not definitive and a dopaminergic
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deficiency has not been proven. Some imaging studies using PET or SPECT have shown
abnormal dopamine receptor binding or transport in patients with RLS or periodic limb
movements in sleep (PLMS). These studies have yielded inconsistent results; however,
only the nigrostriatal system has been investigated and, for logistical reasons, imaging
has not been performed at night when RLS symptoms are most pronounced. Staedt and
co-workers reported decreased dopamine D2-receptor occupancy, measured by SPECT,
in the striatal region of patients with PLMS compared with that in individuals without
these symptoms [21, 22]. There was no correlation between the decrease in receptor
binding and the severity of PLMS, although the lowest binding was seen in patients
reporting the greatest sleep disruption. This may reflect the fact that there is a closer
relationship between sleep efficiency.

1.3.1

Dopaminergic Augmentation
Dopaminergic agents were first used for the treatment of RLS in the 1980s when

Akpinar published a case study reporting on the efficacy of levodopa [23]. Their longterm efficacy is now well-established and dopaminergic agents are considered the firstline choice for the pharmacological treatment of RLS [24, 25]. Unlike Parkinson's disease,
however, there is a long-term complication encountered with dopaminergic therapy, and
this is treatment-related augmentation of RLS symptoms.
Augmentation was initially described during long-term treatment with levodopa
and was considered to be a consequence of such treatment. In 1996 Allen and Earley [26]
made a first description of RLS augmentation characterized by an increase in severity of
symptoms beyond the level at baseline of increase in symptom severity. The clinical
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diagnostic criteria for augmentation was established by the NIH-sponsored workshop
(NIH criteria [7]) and European RLS study group-sponsored conference at the Max Plank
Institute (MPI criteria [27]). Augmentation has been reported to be common during
dopaminergic treatment with levodopa and dopaminergic agonist [26, 28-39]. In longterm pharmacological studies, augmentation was found to occur in up to 72% of RLS
patients treated with levodopa [26, 40, 41]. With dopamine agonists, augmentation was
reported to occur less frequently [38, 42, 43] .

1.4

Iron Deficiency
Ekbom, who provided the first modern scientific definition for this syndrome,

reported on the presence of iron deficiency in some patients with RLS [44]. The
syndrome is seen frequently in certain groups where iron deficiency is common—for
example, in pregnant women and anemic subjects [45]. Recently, RLS has also been
described as being a common finding in patients with end-stage renal disease (ESRD),
where anemia is always a feature; moreover, treatment with erythropoietin, which
reduces the anemia, also reduces the RLS symptom of the periodic limb movements in
sleep (PLMS).
Clinical studies have shown significant correlations between serum ferritin
concentrations and the severity of RLS symptoms [46, 47]. Oral iron supplementation
resulted in an improvement in RLS symptoms in patients with serum ferritin
concentrations [46]. Such findings suggest that oral iron supplementation may be
beneficial at least in patients with low ferritin concentrations. Earley and co-workers [48]
measured concentrations of ferritin (iron storage protein), transferrin (the major iron
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transport protein in the brain) and iron in the cerebrospinal fluid (CSF) and serum of
patients with RLS. CSF ferritin concentrations were significantly lower in the RLS group
than in control group, whereas transferrin concentrations were significantly higher; CSF
iron concentrations did not differ significantly.
A MRI study [49] investigated the localization of iron within the brain in patients
with RLS by means of T2-weighted MRI. The R2' parameter (the reversible portion of the
transverse relaxation rate) was used in this study, as this appears to provide the most
specific measure of regional brain iron levels [50]. Relative to the controls, patients with
RLS showed significantly lower levels of iron in the substantia nigra and, to a lesser
extent, the putamen. There were significant negative correlations between the value of
the R2 parameter and the severity of RLS symptoms as measured on the Johns Hopkins
RLS Severity Scale. Thus, patients with the greatest deficiency in brain iron levels
showed the most severe RLS symptoms.
A recent neuropathological study has identified a number of abnormalities in the
storage and transport of iron in the brain of individuals with RLS [51]. Iron staining and
immunohistochemistry were performed on brains from seven people with RLS and five
age matched individuals. No histopathological abnormalities unique to RLS were
identified. However, staining for iron and for H-ferritin (the form principally used for
storage) were markedly decreased in the substantia nigra of brains from individuals with
RLS, whereas staining for L-ferritin (principally used for transport) was strong.
Transferrin staining was increased in neuromelanin-containing cells in the brains from
the RLS group, whereas staining for the transferrin receptor was decreased. These
findings suggest that the transport of iron into dopaminergic cells may be decreased in
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RLS; further evidence for this comes from the finding that staining for the specific metal
transport proteins metal transport 1 (ferroprotein) and divalent metal transporter 1 was
also decreased in brains from individuals with RLS [51]. The strong staining for Lferritin may reflect expression in microglia and astrocytes; this would suggest that iron is
misdirected to these cells after crossing the blood–brain barrier.

1.5

Iron - Dopamine in RLS
The fact that RLS links closely to iron status raises an important question of how

reduced iron status produce the RLS symptoms. If changes in dopamine status change
RLS symptoms, then, iron abnormality may produce these dopaminergic changes that
produce the RLS symptoms. But, the next question of how reduced iron change the
dopaminergic system opens a wide range of studies

1.5.1

Iron deficiency - Dopaminergic dysfunction
There is a well-established relationship between iron status and dopaminergic

function [52]. Insufficiency of iron in the brain may reduce dopaminergic function by
decreasing the activity of tyrosine hydroxylase, the rate limiting step in dopamine
synthesis, or the expression of dopaminergic transporters or receptors. Decreased activity
of tyrosine hydroxylase would result in a reduction in dopamine formation and hence in
the amount of dopamine available to bind to post-synaptic receptors. This hypothesis
implies that increasing dopaminergic receptor activation by the use of dopaminergic
agonists should address the underlying cause of RLS, a proposal consistent with the
marked improvement in RLS symptoms that can be achieved with dopaminergic therapy
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[53-56]. However, differences in tyrosine hydroxylase levels between patients with RLS
and a control group were not observed in the one study examining levels of tyrosine
hydroxylase as measured by immunohistochemistry in post-mortem samples of RLS
sufferers [51].
Iron deficiency is known to lead to a decrease in striatal dopamine D1 and D2
receptors. The D2 receptor density correlated positively with striatal iron while the D1
receptor density showed no correlation with iron [57]. The striatal dopamine transporter
(DAT) density decreased by 30% in the caudate putamen and 20% in the nucleus
accumbens for the same dietary ID protocol [58]. Microdialysis assessment of striatal
dopamine showed an increase in extracellular dopamine compared to controls that
occurred for the time period from the end of the inactive (light) through the first part of
their active (dark) periods. More recent studies found an increased in the nigral tyrosine
hydroxylase and increase in its phosphorylated form with dietary ID. Tyrosine
hydroxylase is also increased with iron chelation of PC12 cells. Thus, in vitro and in vivo
data provide further evidence for increased dopamine production contributing to the
increased extracellular dopamine.
More recently, for the first time, a clear indication of dopamine pathology in RLS
is revealed in this autopsy study. RLS tissue, compared with controls, showed a
significant decrease in D2R in the putamen that correlated with severity of the RLS. RLS
also showed significant increases in tyrosine hydroxylase (TH) in the substantia nigra,
but not in the putamen [59]. Both TH and phosphorylated TH were significantly
increased in both the substantia nigra and putamen. There were no significant differences
in either the putamen or nigra for dopamine receptor 1, or dopamine transporters.
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Significant increases in TH and phosphorylated TH were also seen in both the animal
and cell models of iron insufficiency similar to that from the RLS autopsy data [59].

1.5.2

Iron Repletion as Dopaminergic Therapy
As we discussed section 1.3, main long-tem complication is dopaminergic therapy

is augmentation. There are several hypotheses surrounding the pathophysiology of
augmentation. The first, the dopamine hyperstimulation hypothesis, assumes chronically
heightened dopamine levels in the central nervous system (CNS). It is likely that the
majority of RLS patients have no degeneration of dopaminergic neurons; small dose of
levodopa can cause an increase in the dopamine concentrations in the CNS.
Another possible hypothesis was the involvement of brain iron deficiency. Brain
iron deficiency is implicated in the pathophysiology of RLS, and recent studies suggest
that iron may play an important role in the prevention or reduction of augmentation under
dopaminergic therapy. Ferritin, an iron storage protein, values (77 ng/ml) at baseline
were lower in patients who developed augmentation during treatment with either
levodopa or cabergoline compared to those without augmentation (126 ng) [60].
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Chapter 2
Iron in the Brain
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2.1

Iron's roles
Iron is an essential element that is necessary for normal brain development and

function. The brain requirement for iron is relatively high, consistent with its high-energy
needs. There is a high demand for adenosine triphosphate (ATP) to maintain membrane
ionic gradients, synaptic transmission, and axonal transport, all of them highly active
processes in the brain [61]. Iron is an essential component of cytochromes; cytochrome
oxidase; and the iron-sulfur complexes of the oxidative chain, hence its important role in
ATP production.
Iron is a cofactor of the enzymes tyrosine hydroxylase (Tyr to L-DOPA) and
tryptophan hydroxylase (Trp to 5-HT), involved in the synthesis of neurotransmitters [62].
Ribonucleoside reductase, the rate-limiting enzyme of the first metabolic reaction
committed to DNA synthesis, and succinate dehydrogenase and aconitase of the TCA
cycle are also Fe-dependent enzymes [63]. Finally, iron is essential for the biosynthesis
of lipids and cholesterol, which are important substrates in the synthesis and metabolism
of myelin [64].

2.2

Iron Metabolism
Most cells take up iron from diferric transferrin (Tf-Fe2) by way of the transferrin

receptor (TfR) and the transferrin-to-cell cycle [65] (Figure 2.2). After binding and
internalization of the Tf-Fe2–TfR complex, the iron is released from Tf in an acidic,
endosomal compartment, and is transported across the endosomal membrane into the
cytosol by the divalent cation transporter DCT1. It then either passes into the
mitochondria, to supply iron for haem and iron–sulphur cluster biosynthesis, or is stored
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in the cytosolic iron-storage protein ferritin. The iron-free transferrin (apotransferrin) is
transported, bound to TfR, back to the plasma membrane, where it is released into the
circulation to undergo further rounds of iron mobilization and delivery. Some cells, such
as liver cells, have a second TfR, TfR2.
The storage protein ferritin is a 24-subunit protein shell enclosing a hollow
interior, in which large amounts of iron are stored in a soluble, non-toxic but bioavailable
form, essentially as the mineral phase ferrihydrite1. Mammalian ferritins contain variable
amounts of two types of polypeptide chain, heavy (H) and light (L). The ferritin subunits
have different functions and are encoded by different chromosomes1. H chains have a
ferroxidase centre, which can catalyze the rapid oxidation of Fe2+ to Fe3+, whereas L
chains are thought to function in the nucleation of the mineral core within the protein
shell. L-rich ferritins are associated with iron storage, whereas H-chain ferritins are
associated with responses to stress.
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Figure 2.2
The transferrin cycle [65]
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2.3

Iron Distribution
The brain, like the liver, contains a greater concentration of iron than of any other

metal . Brain iron is mainly non-heme iron [66]. The endothelial cells of the brain (which
comprise the blood-brain barrier) express the transferrin receptors. Diferric
transferrin is taken up at the luminal membrane of the blood capillaries, and dissociates
into the endosomal compartment; the liberated iron is released from the abluminal
membrane and binds to transferrin in the interstitial space in the brain, which functions to
deliver iron to neurons and glia. Most of the transferrin in the interstitial space
is probably synthesized in oligodendrocytes, but plasma transferrin could reach the brain
as well.
The heterogeneous distribution of iron in the brain was first demonstrated by
histochemical techniques (Prussian blue or Perls' stain), which showed intense staining of
ferric iron in parts of the extrapyramidal system, weaker staining of the cerebral cortex
and no detectable staining in the white matter [67]
Biochemical assays of postmortem brain tissue [68-78] have since quantified the
amount of total iron in various brain regions, confirming that the highest concentrations
of iron can be found in the globus pallidus, red nucleus, substantia nigra and putamen
regions (Table 2.3). Contrary to the histochemical results, the biochemical assays indicate
that white matter, in general, has similar levels of iron to cortical gray matter (Table 2.3)
and in some regions (e.g., motor cortex) there may be more iron in the white matter than
in the adjacent cortical gray matter [79]. the concentration of iron in various regions of
the brain varies greatly. Regions of the brain that are associated with motor functions
(extrapyramidal regions) tend to have more iron than non-motor-related regions [80],
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which might explain why movement disorders are commonly associated with iron
imbalance. It is known that at birth these regions have little iron, however, with ageing
they accumulate significant amounts, probably through axonal transport. The amount of
iron that is present exceeds the amount that is required by the various iron dependent
processes (calculated to be about 5–10% of brain iron). So, the rest of the iron must have
some other function.
The landmark work of Hallgren and Sourander [74], whose data still provide the
largest quantitative survey of brain iron content with age, indicates that iron typically
increases rapidly from birth until about 20 years of age for nearly all brain regions. After
this age, brain iron increases less rapidly, and in some regions approaches a distinct
plateau in middle age.
In the brain, the most common cell type to stain for iron under normal conditions
is the oligodendrocyte [81]. However, neurons and MICROGLIA, as well as
oligodendrocytes, express ferritin, indicating that all of these cell types have the capacity
to store iron. Interestingly, the relative abundance of H- and L-ferritin depends on the cell
type [82] - neurons express mostly H-ferritin, microglia express mostly L-ferritin and
oligodendrocytes express similar amounts of both subunits. Overall, the levels of H- and
L-ferritin in neurons are much lower than in oligodendrocytes [83, 84]. Very little ferritin
expression is seen in astrocytes, indicating that these cells provide little iron storage.
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Table 2.3
Iron concentration in the human brain.
Brain Region
Gray Matter
Globus pallidus

Total GP (lateral +medial)
Total GP (lateral +medial)
Substantia nigra

Putamen

Caudate

Thalamus
Hippocampus

Amygdala

Parietal cortex
Inferior parietal
Prefrontal cortex
Frontal cortex

Temporal cortex

Nucleus dentate
Motor cortex
Sensory cortex
Occipital cortex
White Matter
Frontal white matter
Corpus Callosum
Optic radiation

Iron mg /100g ww

Technique

references

21.3
17.5
18.2
30.0 (15.9+14.1)
37.1 (20.7+16.4)
18.5
15.9
14.0
15.7
13.3
12.1
11
16.5
12.0
9.3
11.6
9.3
11.7
9.96
4.76
5.2
4.3
4.2
4.9
4.9
4.9
3.8
3.0
5.6
5.4
2.9
5.4
4.6
5.2
4.2
3.1
5.1
5.3
5.1
10.4
5.0
4.3
4.6

Colorimetry
AAS
AAS
ICP
AAS
Colorimetry
ICP
AAS
Colorimetry
Colorimetry
AAS
AAS
ICP
AAS
Colorimetry
INAS
AAS
ICP
AAS
Colorimetry
INAS
INAS
INAS
INAS
INAS
INAS
Colorimetry
AAS
INAS
INAS
Colorimetry
INAS
AAS
INAS
AAS
Colorimetry
INAS
INAS
AAS
Colorimetry
Colorimetry
Colorimetry
Colorimetry

[74]
[69]
[70]
[72]
[73]
[74]
[72]
[73]
[76]
[74]
[69]
[70]
[72]
[73]
[74]
[68]
[69]
[72]
[73]
[74]
[71]
[85]
[78]
[71]
[85]
[78]
[74]
[73]
[71]
[85]
[74]
[68]
[73]
[71]
[73]
[74]
[71]
[85]
[73]
[74]
[74]
[74]
[74]

4.2
3.8
1.5
3.6

Colorimetry
AAS
Colorimetry
AAS

[74]
[69]
[77]
[69]
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2.4

Ferritin, Iron Storage Protein
The concentration of iron in the adult brain varies according to region and is

relatively higher in white matter than in the corresponding gray matter [86]. Although
iron is biologically necessary, free iron, when it is present in a high concentration, can
cause lipid peroxidation by catalyzing free radical generating reactions [67, 87]. Thus, to
prevent iron-induced brain damage and to make iron available for normal metabolic
requirements, iron delivered into the brain has to be tightly regulated. A major
component of this regulation includes sequestration of iron into the iron-storage protein
ferritin.
Non-haem iron in the brain is predominantly present as a storage form in ferritin
, with non-haem iron and ferritin having an almost identical pattern of distribution. Brain
ferritin shows a distinct structure, having a high H-subunit content (-60%) and lower iron
content (= 1500 atoms/molecule) compared with liver and spleen ferritins. Analysis of
brain ferritin levels suggests that at least 80-90% of the non-heme iron content of brain is
associated with ferritin. Ferritin has been localized within glial cells, particularly
microglia, by immunocytochemical methods, and has a similar pattern of distribution to
non-heme iron in the brain. However, recent work suggests that ferritin has a more
extensive distribution.
The heterogeneous distribution of iron in the brain demonstrated by histochemical
techniques (Prussian blue or Perls' stain), which showed intense staining of ferric iron in
parts of the extrapyramidal system (i.e. basal ganglia), weaker staining of the cerebral
cortex and no detectable staining in the white matter such as the most posterior portion of
the internal capsule and optic radiation
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Figure 2.4
Normal distribution of iron in the brain using Perls stain [88]. The greatest intensity of color
reflects maximal ferric iron concentration. G=globus pallidus, P=putamen, C=caudate nucleus,
T=thalamus, R=red nucleus, S=reticular substantia nigra, D=dendate nucleus, c=superior colliculi,
and N=pontine nuclei.
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The presence of non-haem iron in the brain, mainly in ferritin, does not explain its
regional pattern of distribution, particularly the high levels associated with the
extrapyramidal system. One possible explanation for this pattern of distribution may
be the need for iron to be removed from sites vulnerable to free radical damage such
as the cortex, brainstem, and hippocampus which have high neuronal densities
and/or metabolic activity. Storage of iron in a replenishable glial cell pool in areas
of low neuronal density and metabolism, such as the globus pallidus, or in white
matter oligodendrocytes, may provide such a safe site.
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Table 2.4
Ferritin concentration in the human brain.
Brain Region
Gray Matter
Globus pallidus
GP (lateral +medial)
Substantia nigra

Putamen

Caudate
Frontal cortex
Cerebral cortex
Brain Region
Gray matter
Globus pallidus
Substantia Nigra
Putamen
Caudate nucleus
Frontal cortex
Motor cortex
Occipital cortex
Superior temporal
Parietal cortex
White matter
Motor cortex
Occipital cortex
Superior temporal

Ferritin mg /100g ww

references

144
51.2
153
29.2
22.3
112.5
23.7
24
108.0
16.8
57.5
3.5
Ferritin g /g protein

[89]
[72]
[89]
[72]
[75]
[89]
[72]
[75]
[89]
[72]
[89]
[72]
references

208
132
121
131
86
23
34
25
1.445

[89]
[89]
[89]
[89]
[89]
[89]
[89]
[89]
[90]

22.5
32
34

[89]
[89]
[89]
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Chapter 3
Basic Theory of MRI

In this chapter, we will review some of basic concepts that are used in MR imaging
formation. An understanding of this these concepts will help us a great deal to
comprehend the subtleties of MR imaging. First we will start with a description of the
nuclear magnetic resonance (NMR) phenomenon from the nuclear level and then
gradually arrive at various signal expression. Finally we will discuss the relaxation
mechanism of MR tissue contrast agent of ferrtin.
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3.1

Nuclear magnetic moment
The energy states, between which the transitions are observed during an NMR

experiment, are created only when a nucleus with magnetic properties is brought into an
external magnetic field. These magnetic properties of nuclei can be derived from a
quantum mechanical property, the spin angular momentum, 𝑰. Most nuclei have such a
spin angular momentum, which is represented by a corresponding spin quantum number
I, which can be integer or half-integer (I = 0, 1/2, 1, 3/2....) and we may simply speak of a
nucleus with spin I. The magnitude of the spin angular momentum is given
𝑰 = ℏ I(I + 1)
where ℏ is h/2( h = 6.626 ∙ 10−34 J ∙ s is Planck's constant). Component of 𝑰I along the
z-axis (which is by definition the direction of the external magnetic field) is quantized
Iz = ℏ mI

(3.1)

mI is the spin quantum number associated with the z-components which can adopt the
values mI -I, - I+I,.... I-1, I (a total of 2I+1 value).
3.2

Ensemble of Spin Systems
Spin is a physical property of nuclear particles like protons, electrons and

neutrons. Individual unpaired nuclear particles possess a spin of 1/2. Spins can have
positive or negative signs. Two or more spins with different signs can be paired together
to eliminate the net spin. In MRI experiments, only nuclei with non-zero net spin are of
importance. When placed in a static magnetic field, spins will act like magnet dipoles that
will be aligned parallel or anti-parallel to the external field. The magnetic dipole moment
𝝁 and magnitude 𝜇 of a spin is given by
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𝝁 = −𝛾 𝑰
𝝁 = 𝜇 = −𝛾 𝑰 = −𝛾ℏ

(3.2)
I(I + 1)

where 𝑰 is the spin angular momentum, and 𝛾 is the gyro magnetic ratio.

Figure 3.2.1
Precession of proton with magnetic moment in a static field B0

Specifically, according to the quantum theory,
𝐸𝑧 = − 𝝁 ∙ 𝑩𝒐 = −𝜇𝑧 𝐵𝑜

(3.3)

The value of 𝜇𝑧,𝑛 is given,

𝜇𝑧,𝑛 =

1
+ 𝛾ℏ if μn is pointing up
2
1
− 𝛾ℏ if μn is pointing up
2

(3.4)

substituting Eq. (3.3) into Eq. (3.4). gives
1
𝐸↑ = − 𝛾ℏ𝐵𝑜
2

for pointing-up spins

(3.5)

1
𝐸↓ = + 𝛾ℏ𝐵𝑜
2

for pointing-down spins

(3.6)

24

Eq. (3.5) and (3.6) indicate that the spin-up stat is the lower-energy state, while the spindown state is the higher-energy state. The energy difference the two spins state is given
by
∆𝐸 = 𝐸↓ − 𝐸↑ = 𝛾ℏ𝐵𝑜

(3.7)

The nonzero difference in energy level between the two spin states is known as the
Zeeman splitting phenomenon and is illustrated in Figure 3.2.2.

Figure 3.2.2
The net magnetism M resulting from the spin population difference between the lower energy
state and the higher energy state in an external field Bo

The spin population difference in the two spin states is related to their energy difference.
According to the well-known Boltzmann relationship, we have
𝑁↑
∆E
= exp
𝑁↓
KTs

(3.8)

25

where Ts is absolute temperature of the spin system and K is Boltzmann constant (1.38
10-23 J/K). In practice, ∆E ≪ KTs . Consequently, by first-order approximation,
exp
Therefore,

∆𝐸
𝛾ℏ𝐵𝑜
≈1+
𝐾𝑇𝑠
𝐾𝑇𝑠

𝑁↑
𝛾ℏ𝐵𝑜
≈1+
𝑁↓
𝐾𝑇𝑠
𝑁↑ − 𝑁↓ ≈ 𝑁𝑠

𝛾ℏ𝐵𝑜
2𝐾𝑇𝑠

(3.9)

(3.10)
(3.11)

From a classical point of view, one can imagine a charged sphere spinning about its axis,
thereby giving rise to a current loop that creates the magnetic dipole moment. Spins are in
the lower energy stage when aligned in the same direction of the external field, or in a
higher energy stage otherwise. Particles with spin can undergo transitions between the
energy stages by absorbing or releasing photons with energy
𝐸 = ℎ𝑣

(3.12)

where h is Planck‘s constant, and ν is the frequency of the photon. In MR experiments,
this is also the resonance frequency and is called the Larmor frequency (), which is
ω = −𝛾𝐵𝑜
𝑣=

𝑤
𝛾
=−
𝐵
2𝜋
2𝜋 𝑜

(3.13)
(3.14)

where is the frequency of precession (radians/sec), and γis the gyromagnetic ratio
(radians/s/Tesla), B0 is the magnitude of the external static field. The gyromagnetic ratio
is a constant that is different for different types of nuclei. For 1H, the gyromagnetic ratio
equals to 2.675108 radians/s/Tesla. For 31P, it is 1.082108 radians/s/Tesla.
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The uneven spin distribution between the two spin states occurs because a spin is
more likely to take the lower-energy state that the higher-energy state. To describe the
collective behavior of a spin system, a macroscopic magnetization vector M is introduced.
Specifically, let μ represent the magnetic moment of the nth nuclear spin.
𝑁𝑠

𝑴=

𝝁𝒏

(3.15)

𝑛=1

The population difference generates and observable macroscopic magnetization vector M
from a spin system. The resulting bulk magnetization, where Ns is the total number of
spins in the object being imaged. Spins in different orientation have different energy of
interaction with the external magnetic field Bo.
𝑀 = 𝑀𝑥 𝑖 + 𝑀𝑦 𝑗 + 𝑀𝑧 𝑘
𝑁𝑠

𝑁𝑠

=

𝜇𝑥,𝑛 𝑖 +
𝑛=1

𝑁𝑠

𝜇𝑦,𝑛 𝑗 +
𝑛=1

𝜇𝑧,𝑛 𝑘

(3.16)

𝑛=1

where 𝜇𝑥,𝑛 , 𝜇𝑦,𝑛 and 𝜇𝑧,𝑛 are the projection of 𝝁𝑛 along the x-, y- and z-axes. The first
two terms of Eq. (3.16) are zero because the projection of 𝝁𝑛 onto the transverse plane
has a random phase whit it precesses about the z-axis. The value of 𝜇𝑧,𝑛 is given,
substituting Eq. (3.4) into (3.16) gives
𝑁↑

𝑀=
𝑛=1

1
𝛾ℏ −
2

𝑁↓

𝑛=1

1
1
𝛾ℏ 𝑘 = 𝑁↑ − 𝑁↓ 𝛾ℏ𝑘
2
2

(3.17)

Therefore, substituting Eq. (3.11) into (3.17) gives
𝑀𝑧𝑜 = 𝑀 =

𝛾 2 ℏ2 𝐵𝑜 𝑁𝑠
4𝐾𝑇𝑠

(3.18)
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Eq. (3.18) indicates that the magnitude of 𝑀 is directly proportional to the external
magnetic field strength B0 and the total number of spins Ns.

3.3

RF Excitation
The macroscopic effect of an external magnetic field 𝐵0 on an ensemble of nuclei

with nonzero spins is the generation of an observable bulk magnetization vector M
pointing along the direction of 𝐵0. For a magnetized spin system, the external force
comes from an oscillating magnetic field denoted as 𝐵1(t) in distinction from the static 𝐵0
field. The magnetic component of a RF field that is linearly polarized along the x axis in
the laboratory frame can be written as:
𝐵1 𝑡 = 2𝐵1𝑒 (𝑡) cos(𝜔𝑟𝑓 𝑡 + 𝜑)𝑖

(3.19)

where 𝐵1𝑒 is the pulse envelope function, 𝜔𝑟𝑓 excitation carrier frequency, and 𝜑 initial
phase angle. The linearly polarized field can be decomposed into two circularly polarized
fields rotating in opposite direction about the z axis according to:
𝐵1 𝑡 = 𝐵1𝑒 𝑡 cos 𝜔𝑟𝑓 𝑡 + 𝜑 𝑖 − sin(𝜔𝑟𝑓 𝑡 + 𝜑)𝑗 +
𝐵1𝑒 𝑡 cos 𝜔𝑟𝑓 𝑡 + 𝜑 𝑖 + sin(𝜔𝑟𝑓 𝑡 + 𝜑)𝑗

(3.20)

where the first bracketed term rotates clockwise and the second rotates counterclockwise.
Since the counterclockwise component rotates in the opposite direction of the precessing
spins, it exerts negligible effects on a spin system if 𝜔𝑟𝑓 is near the Larmor frequency.
Therefore, the effective 𝐵1 𝑡 field to be considered is
𝐵1 𝑡 = 𝐵1𝑒 𝑡 cos 𝜔𝑟𝑓 𝑡 + 𝜑 𝑖 − sin(𝜔𝑟𝑓 𝑡 + 𝜑)𝑗

(3.21)

For quadrature RF transmitter coils to generate this circularly polarized field directly, the
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complex notation can use used:
𝐵1 𝑡 = 𝐵1, x 𝑡 + 𝑖𝐵1, y 𝑡 = 𝐵1𝑒 𝑡 𝑒 −𝑖(𝜔 𝑟𝑓 𝑡+𝜑 )

3.3.1

(3.22)

On-resonance excitations
We look into the effects of an RF pulse on a spin system by considering the

simple case in which a spin system has a single isochromat resonating at 𝜔𝑜 = 𝛾𝐵𝑜 .
Using the transformation rule specified by Eq. (3.63), we have
𝐵1,rot ≜ 𝐵1,𝑥 ′ 𝑖′ + 𝐵1,𝑦 ′ 𝑗′

Figure 3.3.1
The motion of magnetization M vector in 3D. The magnetization M vector undergoes a Larmor
precession with 𝝎𝟎 = 𝐁𝟎
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3.4

Bloch Equation
In this chapter the time dependent behavior of 𝑀 in the presence of an applied

magnetic field 𝐵(t) is described quantitatively by the Bloch equation. The macroscopic
nuclear magnetization of a sample is defined as the magnetic moment per unit volume.
𝑀= 𝑀𝑥 𝑖 + 𝑀𝑦 𝑗 + 𝑀𝑧 𝑘
The equation of motion for the macroscopic magnetization in a homogeneous
filed may be written as
𝑑 𝑀 𝑡 /𝑑𝑡 =𝑀 𝑡 × 𝛾𝐵 𝑡

(3.23)

where 𝐵 is composed of 𝐵0 and 𝐵1 . Eq. (3.23) describes the precession in the 𝐵 field
and the absorption of energy by application of 𝐵1 . However, it does not account for the
relaxation processes that tend to redistribute the energy absorbed by the system of spin.
The relaxation of Mz back to its equilibrium value following absorption of rf energy can
be described by an exponential decay.
𝑑𝑀𝑧
= −(𝑀𝑧 − 𝑀𝑜 )/𝑇1
𝑑𝑡
where T1 is the spin-lattice relaxation time. T1 is also referred to as the "longitudinal
relaxation time", being the relaxation of the component of 𝑀 in the 𝐵 direction
Analogously
𝑀𝑥 𝑖 + 𝑀𝑦 𝑗
𝑑 𝑀 (𝑡)
𝑀𝑧 − 𝑀𝑧𝑜 𝑘
=𝑀 𝑡 × 𝛾𝐵 𝑡 −
−
𝑑𝑡
𝑇2
𝑇1

(3.24)

where 𝑀𝑧𝑜 is the thermal equilibrium value for 𝑀 in the presence of 𝐵o only, which can
be calculated from Eq. (3.24).
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𝑑 𝑀 (𝑡)
= 𝛾 𝑀 𝑡 × 𝐵0 𝑡
𝑑𝑡

+ 𝛾 𝑀 𝑡 × 𝐵1 𝑡
perturbation
(energy absorption )

precession

𝑀𝑥 𝑖 + 𝑀𝑦 𝑗
𝑀𝑧 − 𝑀𝑧𝑜 𝑘
−
−
(3.29)
𝑇2
𝑇1
relaxation

T1 and T2 are the time constants characterizing the relaxation process of a spin system
after it has been disturbed from its thermal equilibrium state. Since the duration of an RF
pulse is short compare to T1 and T2, the last two relaxation terms can be dropped. Under
this assumption, the equation takes a simpler form:
𝑑 𝑀 (𝑡)
=𝑀 𝑡 × 𝛾𝐵 𝑡
𝑑𝑡

3.4.1

(3.30)

Bloch Equations in the rotating frame
A rotating frame is a coordinate system whose transverse plane is rotating

clockwise at an angular frequency ω. To distinguish the conventional stationary
(laboratory) frame, we use 𝑥 ′ , 𝑦 ′ , 𝑎𝑛𝑑 𝑧 ′ , and correspondingly, 𝑖′ , 𝑗′ , 𝑎𝑛𝑑 𝑘 ′ as their unit
directional vectors. Mathematically, the rotating frame is related to the laboratory frame
by the following transformation
𝑖′
cos (𝜔𝑡) −sin
(𝜔𝑡) 0 𝑖
𝑗′ = sin
(𝜔𝑡) cos (𝜔𝑡) 0 𝑗
0
0
1 𝑘
𝑘′
Let
𝑀= 𝑀𝑥 𝑖 + 𝑀𝑦 𝑗 + 𝑀𝑧 𝑘
and
𝑀rot ≜ 𝑀𝑥 ′ 𝑖′ + 𝑀𝑦 ′ 𝑗′ + 𝑀𝑧 ′ 𝑘 ′
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Setting 𝑀=𝑀rot yields
𝑀𝑥 ′
cos (𝜔𝑡)
𝑀𝑦 ′ = sin 𝜔𝑡
𝑀𝑧 ′
0

− sin 𝜔𝑡
cos (𝜔𝑡)
0

0 𝑀𝑥
0 𝑀𝑦
1 𝑀𝑧

(3.31)

Similarly, let
𝐵1 ≜ 𝐵1,𝑥 𝑖 + 𝐵1,𝑦 𝑗
and
𝐵1,rot ≜ 𝐵1,𝑥 ′ 𝑖′ + 𝐵1,𝑦 ′ 𝑗′
𝐵1,𝑥 ′
cos(𝜔𝑡)
=
𝐵1,𝑦 ′
sin 𝜔𝑡

− sin 𝜔𝑡 𝐵1,𝑥
cos(𝜔𝑡) 𝐵1,𝑦

(3.32)

We next express Eq.(3.30) in the rotating frame.
𝜕𝑀rot 𝑡
= 𝛾𝑀rot × 𝐵rot − 𝜔 × 𝑀rot
𝜕𝑡
= 𝛾𝑀rot ×

𝐵rot +

𝜔
𝛾

= 𝛾𝑀rot × 𝐵eff

(3.33)

𝝎

where 𝐵eff = 𝐵𝑟𝑜𝑡 + 𝛾 is the effective magnetic field that the bulk magnetization vector
experiences in the rotating frame. The second term in Eq. (3.33) represents a fictious
filed component for simplified behavior of 𝑀rot . Let 𝐵 = 𝐵𝑜 𝑘 and 𝜔 = − 𝛾𝐵𝑜 𝑘 .
𝐵eff = 𝐵rot −

𝛾𝐵𝑜 𝑘
= 𝐵𝑜 𝑘 − 𝐵𝑜 𝑘 = 0
𝛾

(3.34)

Therefore, the apparent longitudinal field vanished and 𝑀rot appears to be stationary in
the rotating frame.
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𝜕𝑀rot 𝑡
= 𝛾𝑀rot × 𝐵eff = 0
𝜕𝑡
𝑀rot 𝑡 = constant
The general Bloch equation can be expressed in the rotating frame as
𝑀𝑥 ′ 𝑖′ + 𝑀𝑦 ′ 𝑗′
𝑀𝑧 ′ − 𝑀𝑧𝑜 𝑘 ′
𝜕𝑀rot (𝑡)
= 𝑀rot 𝑡 × 𝛾𝐵eff 𝑡 −
−
𝜕𝑡
𝑇2
𝑇1

3.5

(3.35)

Free precession and Relaxation
After a magnetized spin system has been perturbed from its thermal equilibrium

state by an RF pulse, it will, according to the laws of thermodynamics, return to this state,
provided that the external force is removed and sufficient time is given. This process is
characterized by a precession of 𝑀 about Bo field, called free precession; a recovery of
the longitudinal magnetization 𝑀𝑧 , called longitudinal relaxation; and the destruction of
the transverse magnetization 𝑀𝑥𝑦 , called transverse relaxation.
The transverse and longitudinal relaxations are described by a first-order process
from the Bloch Eq. (3.35). Specifically, in the Larmor-rotating frame, we have
𝑀 𝑥 ′ 𝑖′ + 𝑀 𝑦 ′ 𝑗 ′
𝑀𝑧 ′ − 𝑀𝑧𝑜 𝑘 ′
𝜕𝑀rot (𝑡)
= 𝑀rot 𝑡 × 𝛾𝐵eff 𝑡 −
−
𝜕𝑡
𝑇2
𝑇1

(3.36)

=𝟎

The first term drops out because 𝐵eff = 𝐵𝑜 −

𝜔𝑜
𝛾

𝑘 = 0. And we have

𝑑𝑀𝑧 ′
𝑀𝑧 ′ − 𝑀𝑧𝑜
=−
𝑑𝑡
𝑇1
𝑑𝑀𝑥 ′ 𝑦 ′
𝑀𝑥 ′ 𝑦 ′
= −
𝑑𝑡
𝑇2
Solving Eqn.(3.37), we obtain the following time evolution for the transverse and

(3.37)
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longitudinal magnetization components:
𝑡

𝑡

𝑀𝑧 ′ 𝑡 = 𝑀𝑧𝑜 1 − 𝑒 −𝑇1 + 𝑀𝑧 ′ 0+ 𝑒 −𝑇1
𝑀𝑥 ′ 𝑦 ′ 𝑡 =

𝑡
𝑀𝑥 ′ 𝑦 ′ 0+ 𝑒 −𝑇2

(3.38)

where 𝑀𝑧 ′ 0+ and 𝑀𝑥 ′ 𝑦 ′ 0+ are the magnetization on the z-axis and the transverse
plane immediately after an RF pulse (𝑎𝑡 𝑡 = 0+), and 𝑀𝑧𝑜 is the longitudinal
magnetization at thermal equilibrium.

Figure 3.5 T1 longitudinal (top) and T2 transverse (bottom) relaxation curve and equation.
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3.6

RF Signal Detection

MR signal detection is based on the Faraday law of electromagnetic induction and the
principle of reciprocity. The Faraday law of induction states that time-varying magnetic
flux through a conducting loop (a receiver coil) will induce in the coil an electromagnetic
force (or voltage) that is equal to the rate at which the magnetic flux through the coil is
changing.
In MRI, the bulk magnetization is precessing at a radio frequency and any conducting
loop resonating at the frequency can be used as a receiver coil. The magnetic flux
thorough the coil by 𝑀(𝒓, 𝑡) is given by
Φ=
object

𝐵r 𝒓 ∙ 𝑀 𝒓, 𝑡 𝑑𝒓

(3.39)

where 𝐵r 𝒓 is the laboratory frame magnetic field at location r.
Then, according to the Faraday law of induction, the voltage V(t) induced in the coil is
V t = −

∂Φ
∂
=−
∂𝑡
∂𝑡

object

𝐵r 𝒓 ∙ 𝑀 𝒓, 𝑡 𝑑𝒓

(3.40)

The voltage V(t) induced in the receiver coil is often regarded as the raw NMR signal.
The voltage V(t) can be expressed in scalar form as
V t = −

∂
∂𝑡

object

Br,x 𝒓 Mx 𝒓, 𝑡 + Br,y 𝒓 My 𝒓, 𝑡 + Br,z 𝒓 Mz 𝒓, 𝑡 𝑑𝒓

(3.41)

Since Mz 𝒓, 𝑡 is a slowly varying function compared to the free precession of the Mx and
My components, the last term can be ignored, yielding
V t = −

∂
∂𝑡

object

Br,x 𝒓 Mx 𝒓, 𝑡 + Br,y 𝒓 My 𝒓, 𝑡 𝑑𝒓
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V t = −
object

Br,x 𝒓

∂My 𝒓, 𝑡
∂Mx 𝒓, 𝑡
+ Br,y 𝒓
𝑑𝒓
∂𝑡
∂𝑡

(3.42)

Eq. (3.42) indicate that the induced voltage is a function only Mx and My . This is why it
is normally known that MR signals are dependent on the transverse magnetization.
To develop this expression further, we rewrite Br,x and Br,y as
𝐵𝑟,𝑥 = 𝐵𝑟,𝑥𝑦 𝑟 𝑐𝑜𝑠∅𝑟 𝑟 , 𝐵𝑟,𝑦 = 𝐵𝑟,𝑥𝑦 𝑟 𝑠𝑖𝑛 ∅𝑟 𝑟

(3.43)

where ∅𝑟 (𝑟) is the reception phase angle. The free precession equation,
Mx 𝑟, 𝑡 = Mxy r, 0 𝑒 −𝑡/𝑇2 (𝑟) cos −𝜔 𝑟 𝑡 + ∅𝑒 𝑟

(3.44 𝑎)

My 𝑟, 𝑡 = Mxy r, 0 𝑒 −𝑡/𝑇2 (𝑟) sin −𝜔 𝑟 𝑡 + ∅𝑒 𝑟

(3.44𝑏)

where ∅𝑒 𝑟 is the initial phase shift introduced by RF excitation.
∂Mx 𝒓, 𝑡
= ω r Mxy r, 0 𝑒 −𝑡/𝑇2 (𝑟) sin −𝜔 𝑟 𝑡 + ∅𝑒 𝑟
∂𝑡

(3.45𝑎)

∂My 𝒓, 𝑡
= −ω r Mxy r, 0 𝑒 −𝑡/𝑇2 (𝑟) cos −𝜔 𝑟 𝑡 + ∅𝑒 𝑟
∂𝑡

(3.45𝑏)

Substituting Eqs. (3.43) and (3.45a)/(3.45b) into Eq. (3.42) with some simplification, we
obtain
V t = −

object

ω r Br,x 𝒓

Mxy r, 0 𝑒 −𝑡/𝑇2 (𝑟) sin −𝜔 𝑟 𝑡 + ∅𝑒 𝑟 − ∅𝑟 𝑟

𝑑𝒓

(3.46)
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3.7

Free Induction Decay
Free induction decay (FID) arise from the action of a single pulse on a nuclear

spin system. "Free" refers to the fact that the signal is generated by the free precession of
the bulk magnetization vector about the B0 field; "induction" indicates that the signal was
produced based on Faraday's law of electromagnetic induction; and "decay" reflects the
characteristic decrease with time of the signal amplitude.
FID signals are the most basic form of transient signals from a spin system after a
pulse excitation. Mathematically, a FID signal resulting from an 𝛼 pulse takes the
following form:
∞

𝑆 𝑡 = sin 𝛼

𝜌 𝜔 𝑒 −𝑡/𝑇2 (𝜔) 𝑒 −𝑖𝜔𝑡 𝑑𝜔 𝑡 ≥ 0

(3.47)

−∞

where 𝜌 𝜔 the spectral density function in a spatial inhomogenous magnetic field with a
Lorentzian distribution
𝜌 𝜔 = 𝑀𝑧0

𝛾∆𝐵0 2
𝛾∆𝐵0 2 + 𝜔 − 𝜔0

2

(3.48)

Cleary, the spectral density function 𝜌 𝜔 determines the characteristics of an FID signal.
For example, the FID signal of a spin system with a single spectral component resonating
at frequency 𝜔0 can be expressed as
𝑆 𝑡 = sin 𝛼 𝑀𝑧0 𝑒 −𝑡/𝑇2 𝑒 −𝑖𝜔 0 𝑡

𝑡≥0

(3.49)

The decay rate of an FID signal is strongly tied to the underlying spectral
distribution. In the case of a single spectral component, the FID signal bears a
characteristic T2 decay, as indicated in Eq. (3.49). This situation occurs when both the
sample and the magnetic field to which the sample is exposed perfectly homogeneous.
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When the magnetic field is inhomogeneous, the FID signal decays at a much faster rate.
If we look at a large number of isochromats, a random phase relationship will be
established in this process. As a consequence, their magnetic moments will cancel each
other, leading to a loss of the bulk magnetization or a decay in the detected signal
To characterize the signal decay in the presence of field inhomogeneity, a new
time constant T2* is frequently used. More specifically, if the field inhomogeneity lends
itself to a Lorentzian distribution, the FID signal becomes
∞

𝑆 𝑡 = sin 𝛼

𝜌 𝜔 𝑒

𝑡
−
𝑇2 𝜔

𝑒 −𝑖𝜔𝑡 𝑑𝜔

−∞
∞

= sin 𝛼
−∞

𝑀𝑧𝑜

𝑡
(𝛾∆𝐵0 )2
−
𝑇
𝜔 𝑒 −𝑖𝜔𝑡 𝑑𝜔
2
𝑒
(𝛾∆𝐵0 )2 + (𝜔 − 𝜔0 )2

Figure 3.7 FID signal of a single isochromat in time domain.
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3.8

Spin Echo
An echo signal can be generated either by multiple RF pulses or by magnetic field

gradient reversal. Signals of the former type are called RF echoes and the latter gradient
echoes. RF echoes were discovered by Erwin L. Hahn in 1950. Since then, the concept of
realigning incoherent magnetization vectors by refocusing RF pulses has been widely
used in various types of NMR experiments.
To generate an RF echo, at least two pulses are necessary. For a simple two-pulse
excitation scheme consisting of a 90 pulse followed by a time delay t and then a 180
pulse. To see how a spin echo is formed, the action of the applied pulses and the
evolution of the transverse magnetization will be examined. We assume that the 90 pulse
is applied along the x'-axis and the 180 pulse is applied in the y'-axis. Under the
condition of negligible off-resonance effects, after the 90 pulse, the vectors of
isochromats lose phase coherence as the free precession continues. After a time interval
TE/2, the vectors fan out in the transverse plane. At this point, the 180 pulse flips the
vectors over to the other side of the transverse plane. As a consequence, the fast vectors is
now lagging behind the slower by the same phase angle with which it was leading prior
to the 180y pulse. The faster isochromats will catch the slower after time interval t=TE/2,
thus recreating a phase coherence between the vectors at time t=TE.
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Figure 3.8
TOP: Time course of a spin echo imaging sequence; Bottom: Vector diagram illustrating the
refocusing of isochromats in a spin-echo.
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3.9

Assessment of Brain Iron Concentration
After the introduction of clinical MR imaging in the early 1980s, it was

recognized that T2-weighted images using long echo times showed a marked loss of
signal in the same regions classically associated with high iron deposition. The loss of
signal in high iron regions was attributed to a decrease in the T2 relaxation time caused by
induced microscopic magnetic fields surrounding the iron deposits. Because iron, in its
various biological forms, is highly paramagnetic, it is reasoned that water in close
proximity to an iron deposit will experience local magnetic field gradients that will
reduce proton spin-spin relaxation times and cause hypo-intensity on heavily T2-weighted
MR images. This effect is based on the assumption that random motion of the water
molecules will lead to an irreversible decay of NMR signal corresponding to a shortening
of T2 value.
The T2* relaxation time contains an additional relaxation component, T2', arising
from reversible signal decay associated with a broadening of the NMR resonance line
width. Reversible line broadening occurs when tissue water experiences a range of static
magnetic environments. Therefore, T2' should provide a more specific measure of the
effect of tissue iron than T2, which is sensitive to a variety of relaxation mechanisms and
tissue characteristics. The disadvantage of using T2* measurement techniques is that both
global and local field inhomogeneity contribute to signal decay, and hence line
broadening. Global inhomogeneity effects arise from the presence of tissue interfaces of
differing magnetic susceptibility and may extend over a considerable portion of the
human head.
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Many pulse sequences, each with a different form of sensitivity, have been used
to detect the presence of iron in tissues. These include repeated single spin echo [91],
dual spin echo, fast spin echo [92], multiple spin echo (CPMG) with iron sensitivity
measured by varying the inter-echo spacing [93, 94], gradient echo, and hybrid forms
such as gradient-echo slice excitation profile imaging (GESEPI) [95, 96], partially
refocused interleaved multiple echo (PRIME) [97, 98] and gradient echo sampling of free
induction decay and echo (GESFIDE) [50].
The RF and gradient pulse sequences were used to generate a series of MR
images with progressively increasing T2*-weighting. Imaging experiments allowed T2 and
T2* to be separately evaluated, and T2' and R2' to be obtained using the equations
𝟏
𝟏
𝟏
+
∗ =
𝑻𝟐
𝑻𝟐 𝑻𝟐 ′
or
𝑹𝟐 ∗ = 𝑹𝟐 + 𝑹𝟐 ′
where T2', T2, and T2* are measured in seconds and R2', R2, and R2* are the respective
relaxation rates.
A recent study [50] at 3 T empirically developed showed a linear relation between
T2 relaxation rate measured in healthy volunteers and the iron concentration predicted by
the results of iron concentration predicted by the postmortem studies of Hallgren and
zourander [74]. The results were consistent with a linear relationship between relaxation
rates, R2 and R2* and the regional concentration [Fe], measured in units of mg iron/g
fresh tissue.
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𝑹𝟐 =
𝑹𝟐 ∗ =

3.10

𝟏
= 𝑹°𝟐 + 𝜶 Fe
𝑻𝟐
𝟏
= 𝑹o∗ 𝟐 + 𝜶∗ Fe
𝑻𝟐 ∗

T2 and T2* Measurement
The MR image signal from each echo in the sequence is given by

𝑺 ∝ 𝝆 𝟏−𝒆

−𝑻𝑹
𝑻𝟏

𝒆

−𝑻𝑬
𝑻𝟐

where  is the proton density and TR is the repetition time. If TR is set to a long value,
i.e. TR  5T1, and the proton density is assumed to be constant, the T2 will be measured
from the multiple spin-echo image acquisition

𝑺𝒊 𝒕 = 𝑺𝒐 𝒆
where 𝑺𝟎 = 𝝆 𝟏 − 𝒆

−𝑻𝑹
𝑻𝟏

−𝑻𝑬𝒊
𝑻𝟐

is the signal strength at the time origin, TE is the absolute

echo time, and i is the number of ith image with echo time TEi. Since Si(t) and TE are
known parameters, So and T2 can be estimated from a linear squares or nonlinear
fit. A recent study [50]at 3 T empirically developed showed a linear relation between T2
relaxation rate measured in healthy volunteers and the iron concentration predicted by the
results of iron concentration predicted by the postmortem studies of Hallgren and
zourander [74]. The results were consistent with a linear relationship between relaxation
rates, R2(=1/T2) and R2* (=1/T2*) and the regional concentration [Fe], measured in units
of mg iron/g fresh tissue.
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Figure 3.10.1
Fast spin echo imaging utilized a single 90 excitation followed by multiple 180 refocusing
pulses to produce a train of echoes. Fast multi spin-echo imaging techniques have principle
advantage of decreased imaging time by the choice of echo train length. Since four different
views are acquired per excitation, total scan time is reduced by a factor of four. Since the central
or low frequency views first was collected and the highest frequencies last, it produce T1 or
proton density weighted images [99].
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Figure 3.10.2
Plot of image intensity (Si) as a function of TE to make a T2 map for a point in an image using a
self-built qMRI software. 14 echo (echo spacing = 8ms) and long repetition time (TR = 3.7s)
were used for T2 mapping.
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3.11

Ferritin-Induced T2 Relaxation
Magnetic compounds have been used to accelerate proton relaxation. For example,

paramagnetic gadolinium complexes are widely used as positive contrast agent for
routine MRI. On the other hand, super paramagnetic particles have an excellent negative
MR contrast. Example of superparamagnetic particles is found inside endogenous ferritin,
whose presence influences the contrast of MR images of liver, spleen, and brain. This
natural contrast has been used to evaluate iron content using MRI in vivo.
In this section, the relaxation induced by ferritin compound will be described.

3.11.1 Ferritin Structure and Susceptibility
Ferritin is the mammal‘s iron-storing protein. It is constituted by the assembly of
24 protein subunits, forming a 13-nm diameter spherical shell. Iron is stocked inside this
shell in the shape of a ferrihydrite nanoparticle [100]. Ferrihydrite (5 Fe2O3—9 H2O) is a
very common hydrated iron oxide. Ferritin can contain up to 4500 Fe3+ ions.
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Figure 3.11.1.1
Electron distribution in the orbitals of iron (energy level), in oxidation states +2 and +3, in
various hemoglobin degradation products. In oxy-hemoglobin, there are no unpaired electrons in
the third orbital. The substance is diamagnetic. In deoxy-hemoglobin there are four unpaired
electrons in the third orbital. The substance is therefore paramagnetic. The 4-s orbital is empty in
both cases, because iron is in the ferrous (+2) state. In met-Hb, the third orbital contains five
unpaired electrons. Due to the loss of one additional electron, iron is now in the ferric (+3) state
[101].
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The number of iron atoms is called the Loading Factor (LF). Ferrihydrite has a hexagonal
crystallographic structure [102] and is antiferromagnetic; it contains two sublattices of
Fe3+ ions whose magnetic moments are oriented in opposite directions (Figures 3.11.1.2).
The resulting magnetic moment should be null, since the two magnetic sublattices should
compensate for each other. But because of surface effects and the presence of cation
vacancies in the crystal, a small magnetic moment results for each ferrihydrite particle
contained inside ferritin. This moment is directed along specific directions that are
determined by ferrihydrite crystal anisotropy.
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Figure 3.11.1.2
(Top) Polyhedral representation of the hexagonal unit cell for ferrihydrite. The bonded atoms
(yellow) define a cubane-like moiety that connects the basic structural motif of the model.
(Bottom) Diagram of antiferromagnetic organization in ferrihydrite, with cation vacancies (V)
and uncompensated magnetic moments (dashed arrows) [103].
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3.11.2 Ferritin Relaxation
The massive presence of ferritin in different organs darkens T2-weighted MR
images, allowing the noninvasive estimation of iron content, thanks to MRI. The
relaxation induced by ferritin in aqueous solutions has been demonstrated to be caused by
the exchange of protons between bulk water protons and the surface of the ferrihydrite
crystal. In this section, we will review the possible mechanism of ferritin-induced
relaxation.
Figure 3.11.2 sketches the outer sphere relaxation mechanism [104] of water
protons in the presence of ferritin nanoparticle. The effect of iron-containing cores of
ferritin and hemosiderin on the decay of the MR signal is usually modeled in terms of an
‗outer sphere mechanism‘ in which the cores are magnetized by the applied field and
an induced microscopic dipole magnetic field surrounds each of the cores [105, 106].
Models have also been presented which postulate a direct contact between water
molecules and the core surface [107, 108]. In the outer sphere model, proton spins of
water molecules diffusing in the vicinity of the core become dephased through the action
of the field inhomogeneity. The rate of signal loss and the resulting image hypointensity
is determined by the size and magnetization of the particles and their density, the water
diffusion constant and the details of the pulse sequence. Many important results have
come from the study of model systems [109, 110]. Some of these studies have assumed a
uniform distribution of magnetic particles. On the other hand, other studies have
postulated non-uniformly distributed clusters of locally increased iron concentration at
the cellular levels.

50

However, satisfactory models relating T2-shortening to tissue iron content have so far
been difficult to establish due to lack of knowledge of the detailed magnetic properties of
the iron oxide particles and their distribution in space.

Figure 3.11.2
Schematic drawing of a possible magnetic structure of a ferritin molecule. The core is viewed as
consisting of two antiferromagnetic regions. The outer region (shown dotted) is taken as above its
ordering temperature (37C) and therefore contributes a paramagnetic susceptibility determined
by the Curie-Weiss law. The inner region (cross-hatched) has temperature over 37C and is
antiferromagnetic with spin cancellation in pairs. However, because of lattice defects and non
cancellation of spins at the surface of this phase, this region also makes a nonzero contribution to
the susceptibility of the particle [1].
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Chapter 4
Magnetic Resonance Spectroscopy

The nuclear magnetic resonance (NMR) phenomenon was discovered in 1946, and since
that time NMR spectroscopy has been widely used in chemistry for analysis of molecular
structure. The development of magnetic resonance imaging (MRI) has facilitated application of
NMR spectroscopy in the human brain. Whereas MRI depicts the spatial distribution of protons
of water, MRS detects various molecules present at concentrations on the order of mM
(millimolar).

Recent development in the clinical capabilities of MRS have provided researches
with considerable insight into potential neurochemical alterations associated with the
pathology and treatment of affective disorders. In this regard, MRS not only represents a
tool by which to study the neurochemical basis of neurological disorder, but it also opens
up an entirely new field in neurochemistry.
In this chapter, we review the basic principles of MRS, discuss the major MRS
detectable neurochemicals, and address some essential principles of methodology, such
as pulse sequence and neurochemical quantification.
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4.1

MRS Parameters

4.1.1

Chemical Shift
The electrons in the molecules cause the local magnetic fields to vary on a

submolecular distance scale. The magnetic fields experienced by nuclei at two sites in the
same molecule are different if the electronic environments are different. This effect is
called the chemical shift. The chemical shift is predominantly an intramolecular
interaction, but it does have a significant intermolecular component as well. The
mechanism of the chemical shift is a two-step process. (1) The external magnetic field 𝐁𝟎
induces currents in the electron clouds in the molecule. (2) The circulating molecular
currents in turn generate a magnetic field (called induced magnetic field 𝐁𝐞 )
The nuclear spins sense the sum of the applied external field and the induced field
generated by the molecular electrons:
𝐁𝐥𝐨𝐜 = 𝐁𝟎 − 𝐁𝐞 = 𝐁𝟎 (1 − δ)
where 𝐁𝐞 = δ𝐁𝟎 .
Two contributions to the induced currents have been identified: (1) field-induced
circulation of electrons in the ground electronic state (diamagnetic term) and (2) electron
circulation through participation of excited electronic states (paramagnetic)
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Figure 4.1.1
Components of the induced Be field produced by the circulation of -electrons in alkenes,
aromatics, and alkynes. The major anisotropic contribution to the total Be filed from the
circulation of -electrons adds to (alkene or aromatic) or subtracts from B0 (alkynes).
http://orgchem.colorado.edu/hndbksupport/nmrtheory/protonchemshift.html

The chemical shift is (measured in frequency unit) field-dependent. If the magnetic field is
increased, the chemical shift also increase. To a very good approximation, the chemical shift,
measured in frequency unit, is linearly proportional to the applied magnetic field. In practical
applications, it is convenient to specify chemcical shifts in terms of this ratio, since it only
depends on the sample, and not on the instrument. The filed-independent expression for the
chemcial shift as follows:

δ=

𝜔0 − 𝜔0,𝑇𝑀𝑆
𝜔0,𝑇𝑀𝑆

where 𝜔0 is the Larmor frequency of a nucleus in the molecular site of interest, and

𝜔0,𝑇𝑀𝑆 is the Larmor frequency of the same isotope in a reference compound of
tetramethylsilane (TMS), exposed to the same applied field. If the applied field is
increased, both quantities increases in the same proportion, so the ratio δ remains
constant.
The equation assume that TMS is chosen as the reference compound, which is often the
case. By definition, TMS spins have a chemical shift δ=0. TMS is particularly suitable as
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the chemical shift reference for the 1H, 13C, and 29Si chemical shift scales.
Chemical shifts δ are small numbers. It is common to specify them in terms of
parts per million (ppm), where the dimensionless symbol ppm has exactly the same
meaning as 10-6. The chemical shift in absolute terms is defined by the frequency of the
resonance expressed with reference to a standard compound which is defined to be at 0 ppm. The
scale is made more manageable by expressing it in parts per million (ppm) and is independent of
the spectrometer frequency.

Chemical Shift, δ =

4.1.2

frequency of signal-frequency of reference
×106
Spectrometer frequency

J-Coupling
NMR resonance frequencies, or chemical shifts, give direct information abou t the

chemical environment of nuclei, thereby greatly aiding in the unambitious detection and
assignment of compounds. An addition feature is the splitting of resonances into several
smaller lines, a phenomenon often referred to as scalar coupling, J coupling or spin-spin
coupling [111].
Scalar coupling originates from the fact that nuclei with magnetic moments can
influence each other, besides directly through space (dipolar coupling) also through
electorns in chemcal bonds (scalar coupling). Even though dipolar interactions are the
main mechanism for relaxation in a liquid, there is no net intercation between nuclei
since rapid molecular tumbling averages the dipolar interactions to zero. However,
interactions through chemcial bonds do not average to zero and give rise to the
phenomenon of scalar coupling. The terms indirect spin-spin coupling, J-coupling, and
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indirect dipole-dipole coupling are all synonyms.
Two spins have a measurable J-coupling only if they are linked together through a
small number of chemical bonds, including hydrogen bonds. The J-coupling is
exclusively intramolecular. Unlike the chemical shift, the line separation is always
constant within a given multiplet, and is called the coupling constant (J). The magnitude
of J, usually given in units of Hz, is magnetic field independent.
The splitting patterns found in various spectra are easily recognized, provided the
chemical shifts of the different sets of hydrogen that generate the signals differ by two or
more ppm. The patterns are symmetrically distributed on both sides of the proton
chemical shift, and the central lines are always stronger than the outer lines.

Figure 4.1.2 J-coupling
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Table 4.1.1
Chemical shifts, and J coupling constants, and concentration reanges for NMR-observabile
metabolites in the human brain [112].
Compound

Group

Chemical shift
(ppm)

N-Acetyl aspartate (NAA)
2
Acetyl moiety
CH3
2.008
2
Aspartate moiety
CH
4.382
3
CH2
2.673 / 2.486
N-Acetyl aspartatly glutamate (NAAG)
2
Acetyl moiety
CH3
2.042
2
Aspartate moiety
CH
4.607
3
CH2
2.519
2
Glutamate moiety
CH
4.128
3
CH2
1.881/2.049
4
CH2
2.19/2.18
-Aminobytyric acid (GABA)
2
CH2
2.283
3
CH2
1.889
4
CH2
3.012
Choline
(CH3)3
3.185
1
CH2
4.054
2
CH2
3.501
Creatine
CH3
3.027
CH2
3.913
NH
6.650
Phosphocreatine
CH3
3.029
2
CH2
3.93
NH
6.58/7.30
Phosphocholine
(CH3)3
3.209
1
CH2
4.282
2
CH2
3.643
2
Glutamate
CH
3.746
3
CH2
2.042/2.120
4
CH2
2.336/2.352
2
Glutamine
CH
3.757
3
CH2
2.135
2.115
4
CH2
2.434
2.456
1
Myo-inositol
CH
3.522
2
CH
4.054
3
CH
3.522
4
CH
3.614
5
CH
3.269
6
CH
3.614
2
Lactate
CH
4.097
3
CH3
1.313

J coupling
(Hz)

Concentration
(mmol/liter)
7.5-17.0

3.86
9.82 / -15.59
0.5-2.5

-15.91

1.0-2.0
7.3

0.5-2.5
3.15
6.99
4.5-10.5

3.0-5.0

0.2-1.0
2.28/7.23
7.33/2.24
7.33/4.65
-14.85
8.48/6.88
5.84/6.53
-14.45
9.16/6.35
8.48/6.88
-15.92
2.89
3.01
10.00
9.49
9.48
10.00
6.93

6.0-12.5

3.0-6.0

4.0-9.0

0.2-1.0
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4.2

1

H-MRS Detectable Metabolites

Due to its relatively high sensitivity and ability to detect numerous tissue
metabolites, proton MR spectroscopy (1H-MRS) has become well established as a noninvasive technique for studies of biological systems in vivo and in vitro. Quantification of
the MRS-observable metabolites can provide considerable biochemical information, and
can help clinical investigators in understanding the role of metabolites in normal and
pathological conditions. In recent years the biomedical and in vivo applications of 1H
spectroscopy have increased, in part due to the increased availability of high magnetic
field strengths and improved spectrometer performance. The metabolites detectable with
1

H-MRS include the prominent resonances of N-acetylaspartate (NAA), choline (Cho)

and creatine (Cr), and a variety of other resonances that might or might not be evident
depending on the type and quality of spectra as well as on the pathological condition. 1HMRS has been utilized to identify and characterize the metabolic changes associated with
many neurological disorders including brain tumors, degenerative diseases such as
Alzheimer‘s, Huntington‘s and Parkinson‘s diseases, cerebrovascular diseases, metabolic
disorders such as adrenoleukodystrophy and Canavan‘s disease, epilepsy, and multiple
sclerosis. In this chapter, we will review the role of individual metabolite and its
application to neurodegenerative disease.
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4.2.1

N-Acetyl-Aspartate
The amino acid derivative N-acetylaspartate (NAA) is one of the most abundant

molecules in the human brain. NAA has seven protons that give MRS signals between
2.0 and 8.0 ppm. It typically provides the most prominent resonance, a singlet at 2.01
ppm, from the three protons of an N-acetyl CH3 group. NAA also has three doublet-ofdoublets centered at 2.49, 2.67 and 4.38 ppm that correspond to the protons of aspartate
CH2 and CH groups. These three protons form an ABX spin system with eight resonance
lines for the CH2 group and four resonance lines for the CH group (Figure 4.2.1). There
are several hypotheses concerning the role of NAA, but there is little agreement as to
what its primary function is in the brain.

Figure 4.2.1
Chemical structure and NMR spectral pattern of NAA [112].

59

4.2.1.1 Neuronal marker
Because it is largely localized in neurons, its neuronal concentration is
approximately 10-20 mM, therefore, it is often used as a neuronal marker during proton
magnetic resonance (1H MRS) experiments. NAA is synthesized in neuronal
mitochondria [113, 114]. Immunocytochemical techniques, which stain for NAA, show it
to be predominantly localized in the neuron, while immunostaining suggests NAA
degradation (via aspartoacylase) may be a membrane associated process in the
oligodendrocytes [115, 116]. Astrocytes have also been shown to express aspartoacylase
activity [117].

4.2.1.2 Myelin Marker
NAA is also thought to be important in myelination by supplying fatty acid
synthesis with acetyl CoA. This is supported by several reports. First, at the cellular level,
the predominate expression of aspartoacylase activity is seen in the oligodendrocyte-type2 astrocyte progenitor cells that gives rise to the myelinating cells of the CNS [118].
Aspartoacylase activity in whole tissue is also about 25 times greater in white matter
compared to gray matter [119], with the largest developmental increases seen in regions
of greatest myelination. High levels of NAA and aspartoacylase activity are found in the
oligodendrocyte-type-2 astrocyte progenitor lineage of oligodendrocytes [117]. Where
the role of NAA in myelin synthesis becomes questionable is that NAA metabolism
appears to undergo its greatest development after myelination is complete [120]. Further,
NAA levels fall when demyelination may not be occurring [121]. For example, NAA
turns over at a rate of greater than once per day, while the synthesis rate for myelin in a
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healthy adult would not demand such a flux rate. Therefore, a central role for the NAA
system in the brain cannot be accounted for by myelin synthesis alone.
Finally, Canavan‘s disease, a defect in NAA metabolism, is associated with
demyelination [122]. The deficiency in aspartoacylase does not appear to hinder the
initial myelination in the developing brain. Also, during cerebral ischemia, in which there
is swelling of the brain cells, there is a 5-fold increase in extracellular NAA levels but a
relative fall in 1H NMR visible NAA [123, 124]. NAA falls to about 40% immediately
after stroke and is no longer visible days later [121]. This rapid fall is too quick for the
aspartate to be adequately used for myelin synthesis.

4.2.2

Creatine / Phosphocreatine
The creatine signal is composed of two chemicals, creatine and phosphocreatine.

The spectra of creatine and phosphocreatine are very similar, with their prominent singlet
resonances from the methyl-protons at 3.0 ppm differing by only 0.002 ppm, and those
from their methylene-protons at 3.9 ppm, differing by 0.02 ppm (Figure 4.2.2).
Phosphocreatine is essential for energy production in cellular processes. When ATP is
depleted from a sudden demand for energy, the phosphocreatine reservoir replenishes
ATP. Normally, most of the brain's energy is derived from oxidation of glucose but ATP
can also be produced with the creatine kinase reaction in the brain. Phosphocreatine is
much more abundant in skeletal muscle than in the brain but when oxygen level are low,
increases in creatine/phosphocreatine are observed.
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The creatine signal is sometimes assumed to be constant and is used as a reference
peak [125]. Regional variations of creatine have been shown in several studies and
creatine concentration in gray matter is significantly higher than in white matter. Creatine
is more related to astrocytes than to neurons [126]. Studies have shed light on some other
functions of creatine beyond energetics. Creatine in the brain is controlled by distant liver
and kidney enzymes, shown by reduced creatine in chronic liver disease and recovery
after liver transplantation. Creatine level also rise and fall to maintain osmotic
equilibrium. This effect is observed in late hypoxic-encephalopathy where creatine
increases to maintain creatine kinase equilibrium in a residual cell population. Other
clinical application of creatine measurements include an increase in creatine in brains
exhibiting trauma and hyperosmolarity. Creatine decreases in hypoxia, stroke, and tumors
[127].

Figure 4.2.2
Chemical structure and NMR spectral pattern of Creatine [112].
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4.2.3

Choline/ Phosphocholine
The choline (Cho) signal located at 3.24 ppm arises from the N(CH3)3 groups of

several water soluble choline containing compounds including glycerophosphocholine
(GPC), phosphocholine (PC) and small amounts of free choline. GPC and PC are
compounds involved in membrane metabolism, synthesis and degradation. The myelin
sheath in a multilamellar membrane system containing a high proportion of lipids which
insulates the neuronal axon. Choline is a component of lipids and is thus theoretically
associated with myelin although the choline head groups of the phophatidyl-choline in
myelin do not contribute much to the signal because they are bound together tightly to
form the membrane. Some studies have shown that choline concentration is essentially
constant through white and gray matter [128]. On the other hand, other have shown that
choline shows the most regional variability in the brain and is significantly higher in
white matter than in gray matter which correlate with myelin [129].
Similar to creatine, choline concentration can be affected by osmotic events.
Links to biosynthesis and hormonal influences from organs outside the brain such as the
liver are still being investigated. Changes in the choline signal are interpreted as
disruption in the membrane metabolism and myelin production. Elevated choline has
been observed in cases of trauma, diabetes and tumors [127], for increased numbers of
glial cells and during active demyelination where myelin phospholipids are degraded by
GPC [130]. Decreases in choline occur in hepatic encephalopathy, liver disease and
stroke [127].
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Figure 4.2.3
Chemical structure and NMR spectral pattern of Choline and Phosphocholine [112]

4.2.4

Myo-Inositol
Myo-inositol is a cyclic sugar alcohol that has six protons. This compound gives

four groups of resonances. A doublet-of-doublet centered at 3.52 ppm and a triplet at 3.61
ppm are the two prominent multiplets each corresponding to two protons. A triplet at 3.27
ppm is typically hidden under choline, and another at 4.05 ppm is typically not observed
because of water suppression.
Of the nine isomers of inositol, myo-inositol is the predominate form found in tissue
[131]. This compound can be detected in brain using shorter-TE acquisitions, although
the signal normally attributed to myo-inositol may also contain smaller contributions
from inositol monophosphate, inositol polyphosphates and glycine. The function of myo-
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inositol is not well understood, although it is believed to be an essential requirement for
cell growth, an osmolite, and a storage form for glucose [132]. It has been proposed as a
glial marker [133]. Normal concentrations range from 4 to 8 mmol/kgww, and altered
levels have been associated with Alzheimer‘s disease [134], and brain injury [135].

Figure 4.2.4
Chemical structure and NMR spectral pattern of myo-inositol [112].

4.2.5 Glutamate
Glutamate has two methylene groups and a methine group that are strongly
coupled. This gives rise to a complex spectrum, resulting in low intensities of individual
peaks despite its relative abundance.
The signal from the single proton of the methine group is spread over as a
doublet-of-doublets centered at 3.74 ppm, while the resonances from the four protons of
the two methylene group are closely grouped in the 2.04– 2.35 ppm range. Overlap with
resonances of GABA, NAA, and glutamine complicates specific identification of their
individual signal contributions in vivo unless some type of editing or homonuclear
decoupling scheme is used [136]. At lower field strengths these multiplets collapse to a
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single resonance, leading to an apparent improvement in the observation of the combined
glutamate and glutamine signals.
Glutamate is an amino acid with an acidic side chain. Glutamate is the most
abundant amino acid found in human brain at a concentration of approximately 12
mmol/kgww. It is known to act as an excitatory neurotransmitter, although believed to
have other functions. Cerebral glutamate concentration is reported to be increased in
cerebral ischemia and hepatic encephalopathy [137].

Figure 4.2.5
Chemical structure and NMR spectral pattern of glutamate [112].
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4.3

Single Volume Localization and Water Suppression

4.3.1

Single Voxel Positioning Method
The choice voxel positioning is critical to achieving a good-quality of diagnostic

spectrum. Obviously it is important to put the voxel in an appropriate place to detect the
pathology or any region under investigation. To avoid the partial volume effect from
surrounding tissues, appropriate contrast images such as standard T1-weighted or T2weighed sequences are employed with localize volume sequence

4.3.1.1 Point Resolved Spectroscopy
Restricting signal detection to a well-defined region of interest is important for in
vivo MR spectroscopy. First, spatial localization is used to remove unwanted signals
from outside the ROI, such extracranial lipids in the brain. Careful positioning of the
localized volume can minimize partial volume effect(i.e. contamination of signal from
one compartment by signal from another compartment), thereby providing a more
genuine tissue characterization. Additionally, Bo and B1 magnetic effect of spatial
localization are greatly reduced over the small localized volume, allowing unambiguous
detection of metabolites and increased spectral resolution. One of the most common
localization sequences are called PRESS. The PRESS localization method is a so-called
double spin-echo method, in which slice-selective excitation is combined with two sliceselective refocusing pulses illustrated in Figure 4.3.1.1.1 . When the first 180 pulse is
executed after a time t1 following the excitation pulse, a first spin-echo is formed at time
2t1. The second 180 pulse refocuses this spin-echo during a delay 2t2, such that the final
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spin-echo is formed at time 2t1+2t2, which equals the echo-time of PRESS, i.e.
TE=2t1+2t2.

Figure 4.3.1.1
PRESS pulse sequence of 3D spatial localization. Two pairs of crusher gradients (shaded
gradients) surrounding the 180 refocusing pulses ensure the selection of the desired coherences,
while simultaneously destroying all others such as stimulated echo.
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4.3.1.2 Stimulated Echo Acquisition Mode (STEAM)
STEAM is a localization technique capable of complete 3D localization in a
single acquisition that consists of three RF pulses, each with a nominal nutation angle of
90 (Figure 4.3.1.2). Four different spin echoes and one stimulated echo can be generated
by STEAM. The position of the different echoes depend on the timing parameters TE and
TM. Stimulated echo (STE) is the signal of interest. Therefore, the FID and spin-echo
signals need to be eliminated with the use of magnetic field gradients. By placing crusher
gradient in the TM period, app spin-echoes are eliminated leaving only the STE and FID
component.
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Figure 4.3.1.2
STEAM pulse sequence for 3D spatial localization. Refocusing gradients are required to rephase
the phase evolution during the excitation pulses. These gradients may also be positioned with
opposite sign on the other side of the TM period. For all STEAM sequences, TE and TM crusher
gradients of sufficient strength are required to remove unwanted coherence and to achieve
accurate localization.
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4.3.2

Water Suppression
Water is the most abundant compound in the tissue and as a result the proton

NMR spectrum of almost all tissue is dominated by a resonance of the two protons of
water at 4.7ppm. The concentration of water is often > 10,000 higher than that of
metabolites. Modern 16-bit analog-to-digital converts are able to adequately digitize the
low metabolite resonances in the presence of a large water resonance without degrading
the metabolite signal-to-noise (SNR). However, the presence of a large water resonance
leads to baseline distortions and spurious signal due to vibration-induced signal
modulation which in turn make the detection of metabolites unreliable. Thus, the
suppression of the water signal eliminates baseline distortions and spurious signals,
leading to a reliable and consistent detection of metabolite spectra.

4.3.2.1 Frequency Selective Excitation Method: CHESS
The frequency selectivity of shaped RF pulses that are used in slice selection in
MRI and volume selection in MRS is readily utilized in water suppression. In essence,
the selective RF pulse excites the water onto the transverse plane after which all
coherences are dephased by the following B0 magnetic field gradients. This sequences
was named CHESS (Chemical Shift Selective) [138]. A major advantage of CHESS is
that it can precede any pulse sequence, since it leaves the metabolite resonances
unperturbed. To avoid water signal recovery by T1 relaxation, the pulse length and the
delay between CHESS and the excitation of metabolites should be as short as possible. A
single CHESS element should suffice when B0 and B1 field inhomogeneity is negligible.
In practice, however, the CHESS element is repeated two or six times to improve the
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water suppression.
CHESS cycles have been combined with STEAM localization under the name
DRYSTEAM . In the view of water suppression, the STEAM sequence is more favorable
over PRESS, since one or more CHESS cycles can be incorporated in the TM period.

4.3.2.2 Relaxation Based Method: VAPOR
Variable pulse powers and optimized relaxation delays (VAPOR) [139] combines
T1-based water suppression and optimized frequency-selective perturbations to provide
excellent water suppression with a large insensitivity towards T1 and B1 inhomogeneity.
It consists of seven frequency selective RF pulses interspersed with optimized T1
recovery delays. The VAPOR sequence is also relatively insensitive to variations in T1
relaxation
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Figure 4.3.2.2
Principle of VAPOR water suppression. The specific RF pulse and delay combination used in
VAPOR leads to a water suppression largely independent of the nutation angle α. Mz trajectory
for α =65, 95 and 125 are shown and all end up close to zero at the end of the sequence [139].
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4.4

Data Analysis

The actual quantification can be performed in either time [140]or the frequency [141]
domain. The MR signal is represented as function of recording time in the time domain,
whereas in the frequency domain the signal is presented as function of resonance
frequency.

4.4.1

Integration

The traditional method to determine the area of a certain peak in the frequency domain is
integration of one peak using numeric integration algorithm. Since only the total area
under a resonance corresponds to the real peak intensity and the contribution beyond the
lower and upper boundaries is neglected, integration is adequate method only if the
resonance is well separated without any baseline fluctuations. Therefore, integration is an
accurate procedure for in vivo spectra analysis that suffers markedly from spectral
overlap and base line fluctuation [142].

4.4.2

Peak Fitting

In this approach, all important peaks are initially selected and coarse estimations of the
resonance frequency, line width, and peak intensity are performed. Subsequently, a fit is
performed by using a least-squares optimization algorithm, which iteratively fits all peaks
to a line-shape model function, so that the fitted spectrum resembles the experimental
spectrum as closely as possible [143]. In general, this method proves to be fairly robust
with respect to spectral overlap. However, if the actual line shapes deviate substantially
from Gaussian or Lorentzian model functions, the algorithm will not be able to fit the
peaks accurately.
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4.4.3

Prior Knowledge

This method allows the incorporation of prior knowledge about the metabolites that
contribute to the 1H MR spectroscopic signal. All known signal parameters, such as
relative frequencies, amplitude ratios, scalar coupling (J-coupling), and phases of
resonances that are characteristics of a certain metabolite, can be implemented as
constraints in the fitting routine. Prior knowledge is the only way of enhancing, by
reducing the degrees of freedom, the accuracy of fitted model parameters for a given data
set. An example of a method that enables incorporation of prior knowledge is the
AMARES method [144].

4.4.3.1 Metabolites Basis Sets.
Some of algorithms were proposed [145, 146] that implemented a strategy where
the maximum of prior knowledge is used. Those methods were based on the assumption
that there are a limited number of 1H MRS detectable metabolites present in the human
brain that had already been identified and analyzed in earlier studies. This approach
aimed to individually determine the exact response of all metabolites possibly present to
a specific pulse sequence. One has to take into account the type of imager, B0, pulse
sequence, repetition time , and echo time, as well as the pH, and temperature of the
solution in which the individual metabolites are dissolved. In this way, the prior
knowledge of each metabolite—including chemical shifts, signal intensity (influenced by
relaxation effects), amplitude ratios, splitting patterns, and J evolution—matches the in
vivo conditions. The in vivo MR spectra are then analyzed as a linear combination of the
separately recorded in vitro spectra of the individual metabolites.
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There are two commonly used approaches for obtaining a basis set: simulation
and in vitro measurement. In the simulation approach [112, 147], the response is
numerically simulated on the basis of molecular and quantum mechanical characteristics
of each metabolite [148]. The in vitro approach [149] requires that for each metabolite, a
spectrum is acquired with exactly the same conditions (e.g., pulse sequence and timing
parameters) as those used during the in vivo measurements. The advantage of the
simulation approach is that, as long as the exact molecular structure is known, each
metabolite can be included, whereas the in vitro approach requires carefully prepared
metabolite phantoms. The advantage of the in vitro approach is that, as long as the
phantoms are adequately prepared, the response of the metabolites in the in vitro
measurement will be identical to the response of the metabolites in the in vivo 1H MR
spectroscopy examination.
The high information content of 1H MR spectra leads to an advantage regarding
the fitting accuracy, because overlapping resonances at one chemical shift position can be
directly related to other non-overlapping resonances from the same metabolite. Currently
used computer software includes the metabolite basis set fitting program LCModel [146],
possibly incorporating the molecular simulation library GAMMA[148]; the quantification
package jMRUI [150].
LCModel is a commonly used program to quantify in vivo spectroscopic data of
brain metabolites in the frequency domain. The program LCModel uses prior knowledge
in the form of sets of basis spectra to decompose the measured spectra by means of a
linear combination from the single spectra of the expected metabolites. The task of the
internship was to use the specialized software package NMR-Sim (Analytic Suite, Bruker)
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and to simulate such basis sets for different magnetic field strengths based on published
literature values. As a result, it is now possible to analyze and quantify the measured in
vivo spectroscopic data automatically and to compare the appearance of the single
magnetic resonance spectra at different field strengths.

4.4.4

Spectral Fitting

The quantification of in vivo proton spectra is difficult because of two types of problems:
(1) complexity of the spectra, with their many resonances; and (2) unpredictable forms of
the lineshape and baseline. The complexity problem is aggravated by the increased
overlap of peaks that are broadened, for example, by field inhomogeneity. Since the
amount of peak overlap depends on variable factors like shimming, peak areas as
measures of metabolite concentrations can be inconsistent, as well as erroneous. The
LCModel method [146] analyzes an in vivo spectrum as a Linear Combination of Model
in vitro spectra from individual metabolite solutions. By using a model of complete
spectra, rather than individual peaks, the complexities of the metabolite spectra now
become an advantage, since two metabolites with nearly identical spectra in one
frequency region can still be resolved if they have different signals in other parts of the
spectrum. By using the same sequence for the library of model in vitro spectra as that
used for the in vivo spectra, complications such as multiplet structures due to coupling are
automatically accounted for and full prior knowledge is incorporated. More difficult are
the unpredictable forms of the lineshape and baseline. The basic form of the lineshape
can vary greatly, depending upon residual eddy currents and field inhomogeneities.
Similarly, particularly with the more informative short-echo-time spectra, macromolecule
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and lipid resonances (as well as the non-causal signal from partially suppressed water)
produce a baseline that is also difficult to parameterize. Models with too few parameters
introduce bias through the incorrect model. Too many parameters produce instabilities
and artifacts through over-fitting. Both situations increase errors in the concentration
estimates. LCModel uses a nearly model-free constrained regularization method that
attempts to achieve the best compromise between these two situations by finding the
smoothest lineshape and baseline consistent with the data.
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Prior Knowledge:
B0 field strength/ Pulse sequence
TR/TE/ number of metabolites
pH / Temperature

Simulation





Basic Sets

Figure 4.4.4
1
H MR spectrum analysis using LCModel (bottom). In vivo spectrum was estimated from the
basic sets provided by the simulation of basis spectra on the frequency domain (top).
Cho= choline, Cr= creatine, mI=myo-Inositol, Cr=creatine, and NAA=N-acetylaspartate.
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4.5

Spectral Quantification

4.5.1

Relative Quantification Method

One of the simplest approaches is the internal endogenous marker method. With this
approach, one of the measured peaks, originating form an endogenous metabolites, serves
as a concentration. Peak ratio are converted into concentrations by using a value from the
literature for the reference metabolite, whose concentration is supposed to be constant.
commonly used reference metabolites are NAA, total creatine, and choline.

4.5.2

Absolute Quantification Method

4.5.2.1 External Reference
A vial with a known reference solution and relaxation properties is positioned near or
inside the RF coil [151]. Immediately after the acquisition of the in vivo spectrum, a
reference spectrum from the calibration sample is obtained while the patient‘s head is still
inside the coil. The reference spectrum can also be obtained simultaneously with the
acquisition of patient data. An option to account for possible B1 inhomogeneity is to
measure [152] the B1 distribution of the RF coil used. It is important to realize that the
external vial might introduce substantial distortions of the constant magnetic induction
field (B0) homogeneity, which will complicate shimming and water suppression

4.5.2.2 Internal Reference.
Tissue water has used tissue water as an internal standard [153-155]. The in vivo
measurement is performed first. Then, from the same voxel, the signal from unsuppressed
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tissue water is recorded, which serves as an endogenous concentration reference. It is best
to record the water-suppressed spectra under conditions that are identical to those for the
metabolite spectra. This can be achieved by detuning or switching off the watersuppression RF pulses. The use of pure cerebrospinal fluid (recorded from a voxel that
contains only cerebrospinal fluid) as a water reference to obtain molar concentrations is
inadvisable, since it is usually impossible to position a voxel of sufficiently large size in
an area that contains only cerebrospinal fluid (e.g., ventricles). Because the determination
of brain density and brain water content can be quite elaborate, one usually applies a
value from the literature. However, one has to be cautious since several pathologic
conditions are known to affect the water content.

4.5.2.3 Institutional Units
In this quantification approach, one of the previously mentioned absolute
reference methods is used, but the final calibration to standard units is not performed.
Therefore, this method shares the robustness of the applied absolute quantification
strategy but is only useful for diagnostic comparison within one institution. Clinical MRS
studies in which TE and TR times are not optimally determined for absolute
quantification is the representative example.
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4.5.3

Important Considerations

4.5.3.1 Echo Time and Repetition Time
When the repetition time (TR) of a pulse sequence is relatively short (TR < 5 T 1), the
magnetization cannot totally recover before the next excitation, which leads to a reduction of the
signal (i.e., signal saturation). At 3.0 T, typical T1 relaxation times for several metabolites are
1370 msec ± 165 for NAA, 1330 msec ± 199 for choline, 1460 msec ± 270 for total creatine, and
1140 msec ± 308 for myo-inositol. Given these values, a repetition time of 2000 msec will lead to
a decrease of the NAA signal of approximately 25%, whereas a repetition time of 7000 msec will
cause a reduction of only 0.7%. Because the T1 values for most metabolites are not the same, the
acquired signal intensity of each resonance should be corrected separately for partial saturation.
Therefore, the use of a long repetition time is advisable since it reduces systematic errors caused
by T1 signal saturation, even though this increases the duration of the MR acquisition.
The use of a short echo time (e.g., < 30 msec) minimizes signal losses caused by T2
relaxation. At 3.0 T, typical T2 relaxation times for several metabolites are 247 msec ± 32 for
NAA, 227 msec ± 36 for choline, 156 msec ± 14 for creatine, and 122 msec ± 9 for myo-inositol
(table 4.5.3.1.2). The reduction of the NAA signal will be approximately 21% if an echo time of
100 msec is used, while the signal loss will only be approximately 5% if an echo time of 20 msec
is used . In contrast, macromolecules (compounds with a high effective molecular weight) have a
very short T2 relaxation time (<50 msec at 2.1 T [156]), so the use of even the shortest echo time
leads to a large reduction in signal. For instance, an echo time of 20 msec will lead to a reduction
in the macromolecule signal of approximately 30%. On the other hand, spectra acquired with a
long echo time (>150 msec) benefit from a less complicated appearance (mainly resonances from
uncoupled spins remain visible, such as singlets from NAA, total creatine, and choline), improved
water suppression, and a flatter baseline (due to signal reduction of components with short T 2,
such as water and macromolecules). In all these cases, signal intensities of each resonance have
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to be properly corrected for T2 relaxation. However, accurate determination of T1 and T2 is
usually too time-consuming to be performed for every patient. Unfortunately, one sometimes
cannot resort to using average values of a patient group, since relaxation times may be influenced
by pathologic conditions and by the severity of a specific condition.
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Table 4.5.3.1.1
Mean values of proton T1 relaxation times (second  SE) of singlet of NAA, creatine (Cr),
choline (Cho), myo-Inositol (mI) measured in gray and white matter at 1.5, 2, 3, and 4.1T.
Region, B0

NAA
(2.01ppm)

Cr
(3.03 ppm)

Cho
(3.22 ppm)

mI
(3.57 ppm)

reference

Gray matter
Occipital, 1.5T
Occipital, 1.5T
Insular, 1.5T
Hippocampus, 2T
Occipital, 3T
Parietal, 4.1 T

1.29  0.09
1.31  0.07
1.65
1.41  0.07
1.47  0.06
1.27  0.04

1.29  0.07
1.43  0.10
1.75
1.55  0.09
1.46  0.07
1.49  0.04

1.39  0.12
1.04  0.06
1.10
1.44  0.11
1.30  0.06
1.11  0.04

1.63
1.35  0.06
1.59  0.10
1.35  0.12
1.63  0.07
1.26  0.04
1.41  0.14
1.34  0.08

1.67
1.50  0.05
1.71  0.11
1.24  0.10
1.72  0.3
1.43  0.06
1.19  0.18
1.11  0.11

1.56
1.19  0.03
1.34  0.08
1.08  0.06
1.29  0.17
1.07  0.04
1.16  0.16
1.14  0.07

1.37  0.05
1.42  0.08

1.48  0.06 1.21  0.05
1.51  0.08 1.24  0.1

1.10 0.17
0.9  0.09
1.35
1.73  0.15
1.23  0.09

[157]
[158]
[125]
[159]
[160]
[128]

White matter
Occipital, 1.5T
Parietal, 1.5T
Frontal, 1.5T
Occipital, 3T
Occipital, 4.0T
Parietal, 4. 1T
Gray+White, 1.5Ta
Gray+White, 3Tb
Average of T1
B0 field  3.0T (GM)
B0 field  3.0T (GM)
a

1.17  0.21
1.37  0.13
1.01  0.09

0.8-1.1
0.98  0.16

[161]
[158]
[158]
[160]
[162]
[128]
[163]
[163]

1.23  0.09
1.27  0.14

T1 results at 3T are pooled mean values averaged over VOI localization in occipital WM, motor
cortex GM, and front-lateral WM/GM.
b
1.5 T values were measured in parietal WM/GM including the motor cortex.
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Table 4.5.3.1.2
Mean values of proton T2 relaxation times (ms  SE) of singlet of NAA, creatine and choline
measured in gray and white matter at 1.5, 2, 3, and 4.1T.
NAA (2.01ppm) Cr (3.03 ppm) Cho (3.22 ppm) Cr (3.92 ppm)
Region, B0
reference
Gray matter
Occipital, 1.5T
Occipital, 1.5T
Insular, 1.5T
Insular, 1.5T
Thalamus, 1.5T
Motor cortex, 1.5T
Hippocampus, 2T
Occipital, 3T
Motor cortex, 3T
Cingulate gyrus, 3T
Basal ganglia, 3T
Cerebellum, 3T
Parietal, 4.1 T

388  11
256  6
330
292
320  22
317  25
283  18
247  19
247  13
254  15
221  18
287  14
227  7

207  4
159  8
250
181
180  10
208  14
191  12
152  7
162  16
161  10
143  13
178  13
140  4

395  55
249  7
380
261
350  44
300  33
334 31
207 16
222  15
265  29
201  16
276  13
189  6

White matter
Occipital, 1.5T
Occipital, 1.5T
Occipital, 1.5T
Occipital, 1.5T
Frontal, 1.5T
Posterior fontal, 1.5T
Occipital, 3T
Occipital, 3T
Occipital, 4.0T
Parietal, 4. 1T

450
369
440
361  39
440  54
300  8
295  29
301  18
185  24
233  7

240
195
201
215  15
210  19
169  3
156  20
178  9
140  13
141  5

330
309
305
330  44
360  44
239  4
187  20
222  17
142  34
167  5

Average of T2
B0 field  3.0T (GM) 247  32
B0 field  3.0T (GM) 312  42

156  14
197  29

227  36
324  56

160

116  9
121  13
128  11
112  14
134  16

190
66

141 16
127  13
57  20

122 9

[157]
[164]
[125]
[161]
[165]
[166]
[159]
[160]
[163]
[163]
[163]
[163]
[128]
[125]
[161]
[162]
[166]
[165]
[164]
[160]
[163]
[162]
[128]
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4.5.3.2 Compartmentation
Since in vivo MR is performed on tissue at a macroscopic level, various brain
compartments (gray matter, white matter, blood, cerebrospinal fluid, or lesions) with
different metabolite concentrations might contribute to the metabolite signal measured
within the voxel of interest. In this case, it is hard to determine the true concentration
level of a metabolite in a specific homogeneous tissue. For example, metabolite
concentrations that are uncorrected for the contribution of cerebrospinal fluid (CSF) are
generally underestimated, since the concentration of 1H MR detectable metabolites in
cerebrospinal fluid is very low [167]. Therefore, several tissue segmentation approaches
have been proposed, all of which rely on differences in relaxation properties as
determined with a separate MR imaging measurement. These methods include the use of
calculated T1- or T2-weighted images [168] or spectra in which the T2 decay of water is
measured as a function of echo time [169].

4.5.4

Quantification Correction
The signal area for one subject does not represent the same concentration as the

same signal area in a different subject. Signal area are also reduced by T1 and T2
relaxation for a given experimental setup of TE and TR. For absolute concentrations of
metabolites, accurate quantification requires T1, T2 and water content corrections, so that
relaxation time effects can be minimized.
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4.5.4.1 Correction for T1 and T2 Relaxation
In this section, water concentration from the same voxel of interest will be used as
internal reference peak for quantification correction. The metabolite areas, Amet , and the
unsuppressed water signal of the voxel, Awater , were both T1 and T2 corrected. The
unsuppressed water signal was measured by numerical integration after an automatic
eddy current correction. T1 correction can be made using

AT1corr =

Ameas

TR
1 − exp − T
1

where Ameas is the measured signal area of either metabolite or of unsuppressed water.
AT1corr is the signal area in the limit of TR → ∞ where T1 weighting is at its maximum.
Previous studies have shown that T1 values of metabolites and water vary throughout
white matter and gray matter.
The same approximation can be made T2 corrections using
AT2corr =

Ameas
TE
exp − T
2

4.5.4.2 Correction for the CSF Compartmentation
A correction for the fraction of cerebrospinal fluid (CSF) within the single voxel is
important. A CSF correction for the metabolite correction needs to be applied. The CSF
correction account for the fact that less of the volume of the voxel of the voxel contains
brain tissue contains brain tissue therefore measurements of concentration for brain tissue
should be scaled up. The correction also accounts for the fact that CSF has different T1
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than the water in the white matter and thus corrects the water content and the water signal
according to the following equations:
WCcorr =

WC
=
WMFcorr

WC
WMF/T1corrWM
WMF/T1corrWM + CSF/T1corrCSF

or
WCcorr =

WC
(1 − exp(−TR/T1corrCSF )) ∗ WMF
(exp(−TR/T1CSF ) + exp(−TR/T1WM )) ∗ WMF + 1 − exp(−TR/T1WM )

where WC is the absolute water content, WMF is the fraction of white matter in the voxel
(WMF = 1-CSF fraction) and T1corrWM is the T1 correction for white matter which is
carried out by dividing by a factor of (1 − exp
(−TR/T1WM ) )).
The water signal Awatercorr was CSF corrected in a similar manner using:
Awatercorr =

Awater
=
WMFcorr

Awater
WMF/T1corrWM
WMF/T1corrWM + CSF/T1corrCSF

The final concentration were calculated using the following equation:
Cmet =

Amettcorr
nPwater
=
× WC × 55000mM
Awatercorr
nPmet

where Amettcorr and Awatercorr are the corrected signals for metabolites and water, WC is
the water content, np is the numbers of protons contributing to the singlet signals (for
NAA np=3, cho np=9, Cre np = 3) and 55000mM is the concentration of water in the
voxel if the WC is unity.
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4.6

Quality Assessment

4.6.1

Cramer-Rao Minimum Variance Bounds (CRMVBs)

It is important to study and report the error estimates of the quantification method. Most
of the fitting routines present the so-called Cramer-Rao minimum variance bounds
(CRMVBs), which reflect the theoretic standard of precision for the model parameter
estimates obtained from the data [170]. The parameter estimation must not contain
systematic errors (e.g., incorrect prior knowledge), which may lead to underestimation
errors. It is important to realize that the CRMVBs provide a measure of quality of the
spectral fit and do not necessarily reflect the quality of the original data. Furthermore,
SNR degradation and increases in line width, which may lead to systematic errors, are not
necessarily reflected in CRMVB estimates.

4.6.2

SNR / Line Width
The SNR can be used as a measure in the rejection of spectra (e.g., the SNR

should generally be at least 4). The SNR is usually defined in the frequency domain as
the ratio of the highest metabolite peak intensity to the standard deviation of the noise
amplitude in a metabolite-free part of the spectrum. The SNR can be improved by
increasing the size of the VOI and the number of signal averages acquired. However, an
increase in the size of the VOI generally degrades the line shape, increases the line width,
and may decrease the sensitivity to detect abnormalities, whereas an increase in the
number of signals acquired adds to the examination time.
The line width is commonly defined as the full width of the peak at full width at
half maximum (FWHM), in the frequency domain. A small line width generally implies a
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high spectral resolution, which will improve the quality of the fitting routines. Better
shimming, the use of a smaller VOI, and the choice of a VOI at a sufficient distance from
tissue interfaces can improve the resolution. It has been recommended that the FWHM
value should always be treated as a covariate in the statistical analysis, to help correct for
single-subject intersession variations [171].

4.6.3

Criteria for Rejection of Data

The following acceptance criteria for spectral data and their fitting results was
recommended: (a) The FWHM maximum of the metabolites should be less than 0.1 ppm;
(b) the Cramer-Rao minimum variance bound should be smaller than 50%; (c) the fitting
residual should not contain unexplained features; and (d) the spectra should not contain
artifacts (for more information, see the review[172]) .
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Chapter 5
Voxel-Based Morphometry
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5.1

Background
The history of human brain mapping is probably shorter than many people might

think. The brain mapping techniques became available in the eighties [173] and first
activation maps appeared soon after [174]. Up until this time, regional differences among
brain scans had been characterized using hand-drawn regions of interest (ROI), reducing
hundreds of thousands of voxels to a handful of ROI measurements, with a somewhat
imprecise anatomical validity. On the other hand, the idea of making voxel-specific
statistical inferences, through the use of statistical parametric maps, emerged in response
to the clear need to make inferences about brain responses without knowing where those
responses were going to be expressed.
Since the advent of magnetic resonance imaging (MRI), neuroscientists have been
able to measure structures in human brains. A large number of automated or semiautomated approaches for characterizing differences in the shape and neuroanatomical
configuration of different brain have emerged due to improved resolution of anatomical
scans and the development of new imaging processing techniques. Voxel-based
morphometry (VBM) [175, 176] is one such method, which has been used widely over
the past decade.
VBM produces statistical parametric mappings (SPMs) of volumetric differences.
A useful measure of structural difference among populations is derived from a
comparison of the local composition of different brain tissue types such as grey matter
and white matter. VBM has been designed to be sensitive to these differences, while
discounting positional and other large scale volumetric differences in gross anatomy.
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The technique involves spatially normalizing all the subjects' MR images to the
same stereotaxic space, extracting the grey matter from the normalized images,
smoothing, and finally performing a statistical analysis to localize, and make inferences
about, group differences. The output from the method is an SPM showing regions where
grey matter concentration differs significantly among the groups. VBM was originally
devised to detect cortical thinning in a way that was not confounded by volume changes
of the sort that are characterized by classical volumetric analyses of large brain structures
(e.g., the temporal lobe). It does this by removing positional and volume difference
through spatial normalization. Differences in grey matter density are then detected by
comparing the local intensities of grey matter maps after smoothing. Since its inception,
VBM has become an established tool in morphometry being used to detect cortical
atrophy and differences in slender white matter tracts.

5.2

Statistical Parametric Mapping (SPM)

Statistical parametric mapping (SPM) is used to identify regionally specific effects in
identify regionally specific effects in neuroimaging data and is a prevalent approach to
characterizing functional anatomy, specialization and disease-related changes. Statistical
parametric mapping is a voxel-based approach, employing topological inference, to make
some comment about regionally specific response to experimental factors. In order to
assign an observed response to a particular brain structure, or cortical area, the data are
usually mapped into an anatomical space. Voxel-based analyses assume that data from a
particular voxel derive from the same part of the brain. Violations of this assumption will
introduce artefactual changes that may obscure changes, or differences, or differences, of
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interest. The first step is to realign the data to undo the effects of subject movement
during the scanning session. After realignment, the data are then transformed using linear
or non-linear warps into a standard anatomical space (see chapter). Finally, the data are
usually spatially smoothed and

5.3

Spatial Normalization

Spatial normalization involves warping the individual MRI images to the same template
image. An ideal template consists of the average of a large number of MR images that
have been registered in the same stereotactic space. Spatial normalization is achieved in
two steps. The first step involves estimating the optimum 12-parameter affine
transformation that maps the individual MRI images to the template [177]. Here, a
Bayesian framework is used to compute the maximum a posteriori estimate of the spatial
transformation based on the a priori knowledge of the normal brain size variability. The
second step accounts for global nonlinear shape differences, which are modeled by a
linear combination of smooth spatial basis functions. This step involves estimating the
coefficients of the basic functions that minimize the residual squared difference between
the image and the template, while simultaneously maximizing the smoothness of the
deformations. The ensuing spatially-normalized images should have a relatively highresolution (1mm or 1.5mm isotropic voxels), so that the segmentation of gray and white
matter is not excessively confounded by partial volume effects, that arise when voxels
contain a mixture of different tissue types. It should be noted that spatial normalization
does not attempt to match every cortical feature exactly, but merely corrects for global
brain shape differences. This is because VBM tries to detect differences in the local
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concentration or volume of gray and white matter having discounted global shape
differences. Indeed, if the spatial normalization was perfectly exact, all the segmented
images would appear identical and no significant differences would be detected at a local
scale.

Figure 5.3
An image (left) is warped to match a MNI T1 template (middle) to produce a spatially normalized
version (right). For clarity, the original image was approximately aligned with the template, and
the warping only done in two dimensions.

5.4

Brain Atlases and Template

Due to large variations in the brain structure of human populations, the construction and
use of standard brain atlases and brain templates pose a fundamental challenge in human
brain mapping and in particular in brain functional localization [178].
The construction of good representatives of human brain atlases involves specialized
strategies for population-based averaging of anatomy that generates local encoding of
anatomic variability and also cortical topography. This creates relatively crisp anatomical
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images with highly resolved structures in their mean spatial location and maps of cortical
variability. These strategies may incorporate high-dimensional nonrigid registration
to reconfigure the anatomy of a large number of subjects in an anatomic image database.
Both the construction of brain atlases and their use are highly dependent upon advances
in nonrigid intersubject registration [179].

5.4.1

Atlas of Talairach

In 1988, Talairach and Tournoux [180] introduced a stereotaxic atlas of the human brain
based on post mortem sections of a 60-year-old female subject‘s brain. Although a single
brain cannot be a good representative of the human brain, the Talairach atlas has become
the de facto standard in brain mapping. The Talairach stereotaxic coordinate system is
based on two relatively invariant subcortical point landmarks, the anterior commissure
(AC) and the posterior commissure (PC). The
AC is taken to be the origin of the coordinate system, the AC-PC line to be the y axis, the
vertical line passing through the interhemispheric fissure to be the z-axis, and the line
passing through the AC and being at right angles to the and z axes to be the x-axis. The
three axes, along with a line parallel to the x-axis passing through the PC, divide the brain
into 12 cubic rectangular regions.
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Figure 5.4.1
Talairach atlas section image. Lobe labels are illustrated with pattered color fills. Several
Brodmann's areas and gyral level structure are illustrated on the top left and bottom left,
respectively [2].

5.4.2

MNI/ICBM Templates

The choice of a brain template in a group analysis study affects the outcome of statistical
parametric mapping and consequently affects the localization of functional maps [181].
In some studies one of the brains is simply chosen to serve as the template. However, a
template that statistically shows the average of the brains seems to be a better choice
[182]. The simplest form of this kind of template, obtained via averaging the images that
are premapped to a standard coordinate system, is called an average brain template.
Normally the images used in constructing a brain template are spatially normalized to the
Talairach standard coordinates, so most of the brain templates are originally in the
standard coordinate system. In a series of studies, the Montreal Neurological Institute
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(MNI) created a brain template called MNI305 that was based on averaging a relatively
large number of normal MRI brain images. This template was created in a two-stage
process. First, 241 brain images were registered to the Talairach coordinates and their
average was calculated as the first-pass image. Then, 305 normal MRI scans were
linearly normalized to the first-pass image and their average was computed to obtain the
MNI305 template. The international conference for brain mapping (ICBM) adopted a
standard MNI template named ICBM152 by registering 152 normal brain scans to the
MNI305 template [183] using a nine-parameter affine transformation. This template has
been incorporated into several commonly used functional image analysis software
packages such as AFNI, SPM and FSL.

Figure 5.4.2
ICBM (left) /MNI 152 (right) standard brain template are obtained from the SPM5 library.
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5.5

Segmentation

The spatially normalized images are then segmented into gray matter, white matter,
cerebrospinal fluid and three nonbrain partitions. This is generally achieved by
combining a priori probability maps or ―Bayesian priors‖, which encode the knowledge
of the spatial distribution of different tissues in normal subjects, with a mixture model
cluster analysis which identifies voxel intensity distributions of particular tissue types.
The segmentation step also incorporates an image intensity non-uniformity correction
[175] to account for smooth intensity variations caused by different positions of cranial
structures within the MRI coil. Tissue classification methods typically produce images
where each voxel has an a posteriori probability that that voxel should be assigned to a
particular tissue type according to the model. These probabilities are values between zero
and one. Binarization would involve assigning each voxel to its most probable tissue
class.
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Figure 5.5
Segmentation of GM, WM and CSF from a T1 image. The top row shows an warped T1 image.
The middle row shows the tissue probability maps of ICBM GM, WM and CSF. The bottom row
shows the each segmented images of GM, WM and CSF.
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5.6

Jacobian Adjustment
Non-linear spatial normalization changes the volumes of brain regions. This has

implications for the interpretation of what VBM tests. The objective of VBM is to
identify regional differences in the composition of brain tissue. To preserve the actual
amounts of a tissue class within each voxel [176, 184], a further processing step can be
incorporated that multiplies (modulates) the partitioned images by the relative voxel
volumes before and after warping. These relative volumes are simply the Jacobian
determinants of the deformation field (Figure 5.6). In the limiting case of extremely
precise registration (using high-dimensional registration), all the segments would be
identical. The adjustment preserves the differences in volume of a particular tissue class.
The deformations from spatial normalization map points in a template (x1, x2, x3) to
equivalent points in individual source images (y1, y2, y3). The derivatives of the
deformation field can be thought of as matrix at each point. These are the Jacobian
matrices of the deformations, and are defined by :
𝜕y1 𝜕y1 𝜕y1
𝜕x1 𝜕x2 𝜕x3
𝐽=

𝜕y2 𝜕y2 𝜕y2
𝜕x1 𝜕x2 𝜕x3
𝜕y3 𝜕y3 𝜕y3
𝜕x1 𝜕x2 𝜕x3

The determinant of this matrix encodes the relative volumes of deformed and
undeforrmed structures.
When warping a series of individual images to match a template, volumetric
differences are likely to be introduced. In this case, VBM can be thought of as comparing
the relative concentration of gray or white matter structures in the spatially normalized
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images (i.e. the proportion of gray or white matter to all tissue types within a region).
There are cases, however, when the objective of the study is to identify regional
differences in the volume of a particular tissue (gray or white matter), which requires the
information about absolute volumes to be preserved. Here a further processing step,
which is usually referred to as ―modulation‖, can be incorporated to compensate for the
effect of spatial normalization. This step involves multiplying the spatially normalized
gray matter (or other tissue class) by its relative volume before and after spatial
normalization. For instance, if spatial normalization results in a subject's temporal lobe
doubling its volume, then the correction will halve the intensity of the signal in this
region. This ensures that the total amount of gray matter in the subject's temporal lobe is
the same before and after spatial normalization. In short, the multiplication of the
spatially normalized gray matter (or other tissue class) by its relative volume before and
after warping has critical implications for the interpretation of what VBM is actually
testing for. Without this adjustment, VBM can be thought of as comparing the relative
concentration of gray or white matter structures in the spatially normalized images. With
the adjustment, VBM can be thought of as comparing the absolute volume of gray or
white matter structures. The two approaches are known as ―non-modulated‖ and
―modulated‖ VBM, respectively [185].
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Figure 5.6
Effect of modulating segmented images. The Jacobian determinant in the center represents the
volume changes due to non-linear spatial normalization. These volume changes are used to
modulate the segmentation result on the left and the modulated image is shown on the right side
(http://dbm.neuro.uni-jena.de/vbm/segmentation/modulation/).

5.7

Smoothing

The segmented gray and white matter images are now smoothed by convolving with an
isotropic Gaussian kernel. The size of the smoothing kernel should be comparable to the
size of the expected regional differences between the groups of brains, but most studies
have employed a 12-mm FWHM kernel. The motivation for smoothing the images before
the statistical analysis is three-fold: First, smoothing ensures that each voxel in the
images contains the average amount of gray or white matter from around the voxel
(where the region around the voxel is defined by the smoothing kernel). Second, the
smoothing step has the effect of rendering the data more normally distributed by the
central limit theorem, thus increasing the validity of parametric statistical tests. Third,
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smoothing helps compensate for the inexact nature of the spatial normalization.
Smoothing also has the effect of reducing the effective number of statistical comparisons,
thus making the correction for multiple comparisons less severe. However it may also
reduce the accuracy of localization.

5.8

Statistical Analysis

The final step of a VBM analysis involves a voxel-wise statistical analysis. This employs
the general linear model (GLM), a flexible framework that allows a variety of different
statistical tests such as group comparisons and correlations with covariates of interest.
The standard parametric procedures (T-test and F-test) used are valid providing that the
residuals, after fitting the model, are normally distributed. If the statistical model is
appropriate, the residuals are most likely to be normally distributed once the segmented
images have been smoothed. The results of these standard parametric procedures are
statistical parametric maps . Since a statistical parametric map comprises the results of
many voxel-wise statistical tests, it is necessary to correct for multiple comparisons when
assessing the significance of an effect in any given voxel. A standard Bonferroni
correction for multiple independent comparisons would be inappropriate here, given the
smoothing and the fact that gray or white matter in contiguous voxels is highly correlated.
Thus, corrections for multiple dependent comparisons are made using the theory of
random fields [6–8]. It should be noted that the random field correction should be based
on the local maxima of the t statistic rather than the extent statistic which relates to the
size of the clusters. This is because, for a correction based on the extent statistic to be
valid, the smoothness of the residuals needs to be spatially invariant throughout the brain.
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However, this is unlikely to be the case in VBM studies by virtue of the highly nonstationary nature of the underlying neuroanatomy. For example, by chance alone, large
size clusters will occur in regions where the images are very smooth and small size
clusters will occur in regions where the images are very rough.
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Chapter 6

Voxel-Based Relaxometry for the Measurement of Brain Iron
Concentration: Global Iron Deficiency in RLS
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6.1

Abstract

Background:
Restless legs syndrome is a sensory-motor disorder in which brain iron deficiency is a
well known secondary cause of RLS. The transverse relaxometry, R2(1/T2), has been
utilized in the in vivo magnetic resonance (MR) assessment of iron levels of brain. Until
currently, the measurement of iron in RLS has been performed usually by conventional
standard regions-of-interest method that is poor reproducible and limited to local
estimation of iron status.

Method:
For this reason, we here applied whole-brain unbiased technique, known as voxel-based
relaxometry (VBR) as well as ROI. To our knowledge, VBR technique has not been used
in any RLS study. We studied 24 patients with RLS and age-matched 24 healthy subjects.

Results:
Relative to the controls, VBR analysis found a significant lower R2 values in the
subcortical gray matter of RLS in the dopaminergic pathway including the basal ganglia
and substantial nigra (p <0.005), which correspond to the ROI results. Sensory-motor
cortex and multiple white matter regions are also involved in the decreased R2 values,
suggesting the global iron deficiency in RLS. Furthermore, VBR detected a significant
correlation of the R2 reduction with RLS severity in the globus pallidus (r = -.667,
p=.001).
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Conclusion:
Lower R2 signals in multiple regions in RLS patients may suggest global iron deficiency,
which may significantly affect the sensory-motor function and myelination in RLS.
Compared to ROI method, therefore, VBR is sufficiently sensitive technique for the
detection and evaluation of local change of brain iron level, and clinically valuable for
diagnosis and monitoring RLS and scientifically for elucidating the underlying
mechanism of the disease.
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6.2

Introduction
Restless legs syndrome (RLS) is a sensorimotor disorder in the central nervous

system (CNS) that affects 5-10% of adults in European countries [8, 186] At least 2.7%
of the general population experiences RLS symptoms at least twice a week and perceives
this moderately or severely distressing. [187]. Clinical symptoms are usually
characterized by an unbearable urge to move the legs accompanied by sensory
disturbance, resulting in nocturnal insomnia and chronic sleep deprivation [188, 189];
however, until recently the pathogenesis of RLS remains largely unknown. Family
studies reported an autosomal dominant pattern of inheritance and genetic linkages [15,
190] in more than 40% of patients that are otherwise classified as idiopathic RLS [188,
191]. Clinical neuroimaging studies have demonstrated the dysfunction of dopaminergic
system in the RLS patients [192, 193]. Despite their response to dopaminergic
medications, there is no evidence that RLS can lead to Parkinson‘s disease (PD).
The association of a deficiency iron has been well known as secondary RSL
causation independent of hemoglobin level [44]. Oral iron supplementation may have
therapeutic value in RLS patients with a diagnosis of iron insufficiency as suggested by
low serum ferritin level (below 50 microgram/dl) [46]. A more interesting observation is
that RLS patients with no evidence of anemia or iron deficiency are expected to have
relatively normal total body iron stores, and have RLS symptoms that respond to
administration of intravenous iron [194-197].
MR relaxometry, the measurement of relaxation times, has been used to assess
iron quantification noninvasively because paramagnetic iron compounds (ferritin, iron
storage protein) produce magnetic field gradients, shortening MRI relaxation times:
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T2(1/R2), and T2*(1/R2*) [198, 199]. So far, the measurement of the relaxation times has
been performed by conventional regions-of-interest

method on predefined regions;

however, that approach suffers from many well-known drawbacks, including high
demand for intensive human efforts which limits the number of subjects and ROIs that
can be examined, subjectivity and poor reproducibility resulting from biased
segmentation of anatomical boundary regions. Further, the need for a priori knowledge
of regions of interest in this method lead to failure to estimation of global iron status
across whole brain structures. Using ROI-based analysis, there are few quantitative in
vivo MR imaging studies investigating the transverse relaxation time changes between
RLS and control subjects [49, 200, 201].

To overcome these limitations, we here

introduce a less labor effort and whole-brain unbiased technique, known as voxel-based
relaxometry (VBR), that allows an unbiased and automated procedure to analyze multiecho images on a voxel-by-voxel basis. A number of studies have utilized the VBR
technique for investigating difference in iron contents among different patient
populations [202, 203]. To our knowledge, VBR has not been used in any RLS study.
We have applied VBR technique to assess changes in the relaxation rate R2 (=1/T2) as a
surrogate marker across whole brain regions. In addition, in order to confirm the
methodology of VBR, we ROI analysis in gray matter regions, we compared the results
of VBR analysis with those of ROI-based analysis. In particular, the role of iron
deficiency in subcortical brain regions strongly associated with sensory-motor system is
under consideration. For example, basal ganglia (striatum) and substantia nigra, were
primary regions of interest because of a strong involvement of a control of posture and
voluntary movements as well as high iron accumulation [204].
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6.3

Material and Methods

6.3.1

Human Subjects

Twenty-four RLS patients and age and gender-matched 24 normal healthy volunteers
were included in this study. The RLS subjects were obtained from the neurology
outpatient service and the diagnosis was made by a board certified neurologist
experienced with RLS following the standard criteria [7]. Subjects were excluded from
the normal cohort if they had any history of nervous system diseases or clinical findings
suggesting that RLS may be secondary to another illness. The severity of RLS symptom
was assessed using the International Restless Legs Syndrome Study Group (IRLSSG)
Rating Scale [205] by a board-certified movement disorders neurologist on the same day
of the MRI study. If subjects were taking medications to treat the symptoms of RLS, the
IRLSS and brain imaging were obtained at least one week after the medications were
discontinued. This study was approved by the institutional review board, and written
informed consent was obtained from all subjects.

6.3.2

MRI acquisition

MRI studies were performed on a 3.0 T (Philips, Netherlands) with an 8-channel phased
array head coil as a transceiver. A turbo spin echo [206] was used due to dependence of
echo time on the iron content of the brain tissues. A series of T2-weighted images were
obtained by employing 14 equidistant echoes (TR= 3792 ms, TE= 8ms, inter echo delay=
8ms, acquisition matrix= 256×256, slice thickness = 4mm, FOV = 23×23 cm2,
acquisition time = 17 min).

111

6.3.3

Data Processing

The T2 relaxation maps were generated by self-built qMRI software package (center for
NMR/MRI, http://pennstatehershey.org/web/nmrlab) that performs a linear regression of
the echo times versus the signal of each pixel of the 14 echo images to calculate the T2
relaxation times. The T2 maps then were converted to an R2 (=1/T2) map. qMRI is
running on IDL version 6.1 (Interactive Data Language, Research Systems Inc., Boulder,
CO, USA).

6.3.3.1 ROI analysis
ROI was performed after correcting brain head position and tilt but preserving
original brain sizes. That is, 6-parameters (rigid body) transformation were used to
reorient the data and to place it into co-ordinate space of the 152T2 average brain.
Freehand regions of interest, delineating specific brain regions, were drawn on axial slice
of spin-echo images by using MRIcro software. To obtain R2 measures of homogeneous
brain tissue and reduce CSF partial volume effects, histogram analysis of the R 2 data
within a region of interest was used to identify and remove pixels that falls below the leftside inflection point (CSF) on the histogram distribution. In addition, special attention
was paid to placing ROI near the center of each brain area using irregular ROI fitting to
the each brain region.
We investigated the relationship between our measured transverse relaxation rate
and regional nonheme iron concentrations obtained previously from postmortem iron
measurement [74].
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6.3.3.2 VBR analysis
For voxel-based analysis, a statistical parametric mapping software (SPM5,
Welcome Department of Imaging Neuroscience, Institute of Neurology, London, UK)
was used. Brain structural patterns are extremely variable across subjects, making it
difficult to align imaging data to a standard brain atlas. Thus, in order to minimize the
difference between image data and anatomical image template, we first created a
customized T2 template for our study, comprising both 24 RLS and 24 controls [185,
207]. Using T2-weighted images (9th echo, TE 72 ms) which shows a better tissue
contrast, initial spatial normalization was carried out by applying a 12-parameter affine
model without any nonlinear factors to preserve group affine geometry [207].
Subsequently, the R2 maps were co-registered and resampled to the resolution of the T2weighted images, followed by morphological operation for removing ventricle and CSF.
Finally, the transformed R2 maps were smoothed with a Gaussian kernel of isotropic 8
mm FWHM and averaged [185].
Using the study-specific R2 template, original R2 maps were spatially normalized
by applying both 12-parameter affine registration and nonlinear iterations using 7×9×6
basis functions to account for global nonlinear shape differences [208]. Subsequently,
normalized R2 maps were resampled to a final voxel size of 1×1×2 mm3 by trilinear
interpolation. Due to the lower resolution of the original images in the z dimension
(4mm), a kernel of 7×7×12 mm FWHM was applied for smoothing. Finally, a tissue
mask based on the average of the smoothed and normalized R2 maps was used as an
explicit mask in the statistical analysis for partial alleviation of false positive error or
false negative error.
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Figure 6.3.3.2 Flow diagram showing the preprocessing steps of the VBR analysis.
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6.3.3.3 Statistical Analysis
As a check on the validity of the R2 technique for assessing iron concentration in
vivo, the mean R2 measures of several brain regions from the 24 control subjects were
correlated with postmortem iron levels in normal adults published by Hallogen and
Sourander [74] using linear regression model.
For the statistical inferences, the general linear model was used to perform the
appropriate voxel-by-voxel statistical tests using SPM 5 software. In order to minimize
possible confounding effects such as age and gender on R2 values [209, 210], an analysis
of covariance (ANCOVA) was used for the group comparison. The between-group
difference was first explored at uncorrected voxel threshold P < 0.01 with extent 50
voxels. For each remaining clusters, small volume correction was implemented in the
predefined areas with a cluster level with a threshold P < 0.05, corrected for multiple
comparison. Linear regression models was also utilized to find the correlation of RLS
severity with change in R2 values after removing age effect by the creation of paired sets
of images (∆R2) generated by subtracting the individual R2 map of RLS patients from that
of age and gender-matched controls.
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6.4

Results

The demographic and clinical data of patients with RLS are provided in table 6.4. There
was no significant difference with regard to age (t-test; P= 0.92) and gender (chi-square
test; P= 0.751) between the two groups. The severity score measured by IRLS reached
23.7 ± 1.5 as severe status. At the time of imaging, 18 patients have not been treated with
any medication and 6 patients who had taken medication (mirapex, requip) discontinued
the medication at least one week. Thus, the drug effects on iron level in the brain were
successfully eliminated [211].
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Table 6.4. Demographic and clinical characteristics of RLS patients.
RLS patients
Sample size
Age (years)
Gender (male/female)
IRLS score
Disease duration (years)
RLS onset (early/late)
Medication(on/off)
Family history of RLS
Results are mean ± SEM

Controls

24
51.9 ± 2.88
7/17
24.2 ± 1.29
14.5 ± 3.57
16/8
4/20

24
51.0 ± 2.84
6/18
Not applicable
Not applicable
Not applicable
Not applicable

8 (33%)

Not applicable

p value
t= 0.273, p= 0.83
2
χ = 0.001, p= 0.99
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6.4.1

Estimation of Regional Iron Levels

There was a strong correlation (r = 0.878, P < 0.001) between average R2 values for
control subjects versus postmortem iron concentrations [74] in the subcortical gray matter
regions. R2 values of the thalamus were not included in this study since the parameter
used for empiric formula was not reported. The linear curve (Eq. [1]), which expresses
the predicted R2 values in terms of the postmortem iron concentrations and a constant,
R2 = 0.3127 [Fe] + 10.4
where [Fe] is iron concentration in mg of 100g wet fresh tissue.

[1]
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Figure 6.4.1 Graph shows mean R2 values (± SD, vertical error bars) versus post-mortem iron
content (± SD, horizontal error bars) of normal subjects. The solid line is a linear fit to the data
with a linear correlation coefficient (r = 0.88, p=0.000). GP = globus pallidus, PU = putamen,
SN = substantial nigra, RN = red nucleus, CN=caudate nucleus
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6.4.2

ROI analysis
Table 6.4.2 shows mean and standard error (SEM) of R2 values for both groups.

The brain regions with high iron levels are shown as hyperintense R 2 values. The
heterogeneous R2 distribution in the ROIs was observed; the highest in the globus
pallidus, followed by substantia nigra, red nucleus, putamen, and caudate, which are well
consistent with previous postmortem iron contents in these regions [74].
There was a significant group difference in R2 values in most of subcortical gray
matter regions (t-test, P < 0.05) except putamen and right caudate nucleus.
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Figure 6.4.2.1
The six regions of interest on T2 images (TE=72ms) which shows the best contrast between GM
and WM. In particular, the thalamus regions were divided into three sections: VL, ventral lateral;
DM, dorsal medial; P, pulvinar
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Figure 6.4.2.2
The statistical results of ROI analysis. R2 values are lower in RLS patients in the left (TOP) and
right (Bottom) side of the main regions. *: P < 0.05, ** P< 0.005
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Table 6.4.2
ROI analysis for the measurement of R2 relaxation rates and statistical comparison
between RLS and controls.
Region
GP

Side

L
R
PU
L
R
TH
L
R
SN
L
R
RN
L
R
CN
L
R
Results are means ±

Controls (n=24)
RLS (n=24)
R2 (s-1)
R2 (s-1)
17.60 ± 0.13
16.78 ± 0.19
17.50 ± 0.11
16.64 ± 0.18
14.74 ± 0.12
14.35 ± 0.14
14.63 ± 0.13
14.31 ± 0.14
13.65 ± 0.12
13.32 ± 0.11
13.55 ± 0.12
13.36 ± 0.11
16.11 ± 0.13
15.46 ± 0.16
16.42 ± 0.14
15.88 ± 0.15
15.21 ± 0.20
14.42 ± 0.20
15.09 ± 0.18
14.59 ± 0.18
13.38 ± 0.10
13.01 ± 0.12
13.17 ± 0.09
12.98 ± 0.11
SEM; *t-test of ANCOVA; L, left; R, right.

t value
4.828
4.976
2.278
1.572
2.093
1.165
3.279
3.249
3.944
2.415
2.41
1.457

p*
value
0.000
0.000
0.016
0.075
0.021
0.125
0.002
0.002
0.000
0.012
0.018
0.079
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6.4.3

VBR analysis

VBR analysis identified localization of each brain region showing the difference in R2
values between the two groups (Table 6.4.3); the most significant R2 difference was
found in the bilateral globus pallidus and substantia nigra (t-test, p < 0.001, Figure
6.4.3.1). Other brain structures, including the bilateral red nucleus, and thalamus, were
readily observed as regions showing a significant difference as well (t-test, p < 0.05). In
addition, VBR found that a decrease in R2 in the white matter regions including
precentral and frontal gyrus. VBR analysis showed a significant negative correlation
between R2 reduction and IRLS scores in the right globus pallidus (r= -0.618, p < 0.001,
Figure 6.4.3.2). However, we did not observe a significant correlation in any other
region.
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TABLE 6.4.3
The statistical results of VBR analysis.
Cluster level
No. of
voxels

P value
(corrected)

Voxel level
MNI coordinates
T
(mm)
value
x
y
z

Gray matter (R2 in control > R2 in RLS)
2446
0.000
-21 -12
-4
606
0.000
20
-3
-4
137
0.000
-11 -16
-8
177
0.017
14
-23
-4
29
0.047
-12 -18
0
123
0.021
14
-23
0
37
0.045
-5
-22 -10
White matter (R2 in control > R2 in RLS)
40
0.046
-19
0
60
85
0.045
-42 -13
40
371
0.025
-17 -82
14

P value
(corrected)

Region

Side

9.65
6.12
5.46
3.46
3.00
3.07
2.62

0.000
0.000
0.000
0.005
0.019
0.012
0.028

GP
GP
SN
SN
TH
TH
RN

L
R
L
R
L
R
L

2.40
2.50
3.41

0.035
0.037
0.015

FL
PC
OL

L
L
L

Table 6.4.3 lists both the statistical cluster-level and voxel-level significance of the anatomical
locations with MNI coordinates representing locally most significant voxels.
OL: occipital lobe, FL: frontal lobe, PC: precentral gyrus.
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Figure 6.4.3.1
Statistical comparison of VBR analysis shows a significant R2 reduction in multiple regions in the
patients with RLS compared to controls (t-test, p < 0.05): A, bilaterla globus pallidus; B, primary
cortex (BA4); C, somatosensory area (BA 6); D, middle frontal gyrus; E, cingulate gyrus. The
results are superimposed on the customized R2 template. Color scale shows T-score.
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R2 = 0.3803
p = 0.001
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Figure 6.4.3.2
Linear regression curves show a significant negative effect of R2 in the right globus pallidus on
RLS severity score (r=-0.617, p=0.001) where iron levels was lower than control subjects.
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6.5

Discussion
This is the first study in RLS that applied VBR technique for the analysis of brain

iron contents and statistical group comparison. In relative to ROI method, the voxelbased method preserves the tissue iron properties of the most regions, and the information
derived from VBR analysis is well consistent with the results from ROI analysis. The
strong linear correlation between R2 parameters and reference postmortem iron
concentration in the gray matter regions demonstrates the validity of our MR imaging
protocols for assessing in vivo brain iron levels. Involvement of multiple gray/white
matter regions in the lower R2 signals may suggest a global iron deficiency in RLS brains
rather than local change of specific regions.
Like voxel-based morphometry [175], voxel-based relaxometry mainly involves
spatial normalization and smoothing, which may limit the power to detect changes in
small and anatomically predefined regions. For the testing of the reliability of VBR
method, we compared the results of VBR with ROI analysis in the targeted regions. We
observed that ROI and VBR analysis generated coincident results of lower R2 parameters
in the most of gray matter regions in RLS except the right caudate nucleus. The
discrepancy in the caudate may suggest a loss of power related to VBR technique due to
smoothing effect. To address this issue, further ROI analysis was done on R2 maps with
same smoothing of 7×7×12mm FWHM used in the VBR analysis. From this analysis, we
did not observe significant difference of R2 in the caudate (t-test, P > 0.1), which are
consistent with VBR results. Evidently, the loss of significance in the caudate observed
in the VBR analysis was in part due to smoothing. Although we removed the R2 values of
the ventricles to avoid the partial volume effects, there are still residual variability in the
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regions of ventricles due to relatively low-parameter shape transformation in SPM [208],
which only attempts to register the brain images globally. Thus, much care need to be
taken in the VBR analysis for the regions in which smoothing effect is strong due to the
involvement of neighbor tissues such as ventricle in the change of tissue signal
properties.
6.5.1

Lower R2 values in the basal ganglia of RLS
Basal ganglia circuitry involves in the multiple parallel loops that modulate

cortical output. The principal circuit of the basal ganglia starts with projections from
multiple cortical areas and then returns, by way of the thalamus, to one of these multiple
cortical areas. Dopamine has been known to play key roles in the regulation of both
sensory and motor functions. The relief of RLS symptoms with dopamine treatment
suggests involvement of dopaminergic dysfunction in the pathophysiology of RLS. More
recently, autopsy studies of RLS brain tissues revealed the different dopaminergic
profiles between RLS and controls; in that, a reduced dopaminergic receptor (D2R) in the
putamen and an increase in tyrosine hydroxylase (TH) and phosphorylated TH (pTH) in
the substantia nigra [59]. Additionally, abnormal iron metabolism has been known as
contributing factor for RLS. In this context, it is of importance to examine the relation
between iron deficiency and the dopaminergic function in the basal ganglia. In line with
these findings, our in vivo results of decreased R2 values in the substantia nigra of RLS
patients can support the hypothesis that a primary iron insufficiency produces an
abnormality mainly in the nigrostriatal dopaminergic system that produce the RLS
symptoms. Although the iron abnormalities in RLS studies appear likely to be pervasive
involving the nigrostriatal system for dopamine, the neural areas affected by RLS are
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similarly likely to involve diverse parts of the nervous systems including, thalamus [212,
213], which may also produce some of the RLS symptoms. More recent study reported
that in Parkinson‘s disease (PD), there was sufficient loss of DA in the external and the
internal GP as may contribute to the motor manifestations of PD [214]. However, there
is no information on DA‘s role in the GP in RLS. Hence, it is important to note that the
finding of decrease in R2 in the globus pallidus of RLS, together with its correlation with
RLS severity, may support the evidence of contribution to the dysfunction of basal
ganglia motor circuits involved in this disorder. There is only one previous autopsy
neurohistopathological study that revealed early-onset RLS patients had a dramatic
decrease in iron staining and H-ferritin staining in the substantia nigra of RLS patients
compared to controls [51]. This histopathology study only examined substantia nigra and
did not examine other areas of RLS brain. Hence, further histopathological study in the
GP can be of importance to investigate the mechanism underlying the dopaminergic
pathway.
R2' (R2' = R2*-R2) has been also used for iron measurement in vivo, as an attempt
to improve the sensitivity [49, 50] since R2 relaxation rate is susceptible to water contents
besides tissue iron concentration. However, the variability in water contents of gray
matter regions is very minimal [215]. To further support our findings of R2 reduction in
the basal ganglia, we also measured R2* values from the two study groups, which shows
lower R2* values in RLS [216]. Hence, the consistent result derived from R2* comparison
in these regions supports the fact that variation in iron concentrations appears to be the
key determining factor for R2 differences in gray matter. Thus, the R2 parameter can be
sensitive to examine iron status in the grey matter brain structures.
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6.5.2

Lower R2 in the white matter of RLS
A significantly decreased white matter R2 decrease observed in the RLS group is

relatively non-specific findings. A decrease in water contents, edema, demyelination or
decrease in iron contents may result in decreased R2 in white matter. It has been reported
that the average myelin water contents of the white matter are significantly higher than
those of gray matter structure [217]. Hence, the R2 value of the white matter is strongly
influenced by total water compartmentalized in myelin. Although higher water contents
of white matter will make change in R2 measurements, somewhat insensitive surrogate /
marker to indirectly estimate iron concentrations, we cannot exclude contribution of
alteration in iron concentration as a cause of observed R2 changes. As mentioned above,
autopsy neurohistopathological studies of RLS patients have demonstrated a dramatic
decrease in iron staining and H-ferritin staining in oligodendrocytes of the substantia
nigra compared to age matched controls [51]. One of the main known functions of
oligodendrocyte is formation and maintenance of myelin sheath in the central nervous
system. Similarly, iron has been shown to be required for proper myelination of white
matter regions [218]. In addition, diffusion tensor imaging (DTI) study showed the
widespread alterations of FA in RLS white matter regions including middle frontal and
precentral gyrus, which corresponds to our white matter regions with R2 decrease in RLS
[219].
Together with these facts, decreased R2 in the whiter matter in RLS may suggest
hypo-myelination or simply decreased iron / H-ferritin in oligodendrocytes that are found
in layers alongside myelinated nerve fibers.
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6.5.3

Correlation of R2 with RLS severity
One of the most striking findings of VBR analysis is a strong negative linear

correlation between R2 and RLS score in the globus pallidus, which reflects decreased
iron level was strongly involved in aggravating the RLS symptom. This is a new finding
not consistent with a previous study in which the severity was rated by Johns Hopkins
RLS severity scale (JHRLSS) (Allen et al., 2001). The difference between the previous
study and our findings may be attributed either to the different technique used to measure
iron contents (R2 or R2*) or to the different patient populations and sample size
investigated in both studies. Compared to the voxel-based technique, ROI-based average
R2 values from one region was less sensitive to detecting the local minor changes within
one brain structures. This finding supports the fact that that iron supplementation for RLS
treatment may be helpful to alleviate the symptom severity. As mentioned above in the
method, removing aging effect as a covariate appeared to strengthen the correlation in the
gray matter regions.
In summary, this work has demonstrated that in vivo quantitative VBR
measurements are capable of detecting brain tissue iron changes across various brain
structures in normal and disease conditions. In general, iron deficiency was found in the
multiple regions of gray/white matter in RLS brain, suggesting a global decrease in brain
iron concentration. The observation of a negative correlation between R2 values and the
degree of RLS symptom severity makes this method a potentially useful tool for the
clinical research of RLS. In line with ROI results, our data show that voxel-based
relaxometry are sensitive technique for detection of local changes of brain iron and
evaluation of the clinical symptoms, therefore, valuable clinically for diagnosis and
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monitoring RLS and scientifically for elucidating the underlying mechanism of the
disease. It is certainly plausible that this MR technique may be studied for its potential
use in longitudinal follow-up of RLS patients as a surrogate measure of disease severity
or to monitor response to therapeutic interventions in the clinical research area.
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Chapter 7
In vivo MR Imaging and Postmortem Analysis of Restless Legs
Syndrome: Sensorimotor Dysfunction and Decreased Myelination
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7.1

Abstract

Background:
Restless legs syndrome (RLS) is a neurological disorder characterized by a strong
uncomfortable sensation in the legs, followed by an uncontrollable urge to move the
affected limb. Although the exact mechanism of pathophysiology in RLS remains largely
unknown, RLS has been considered a sensory-motor disorder. In addition, it has been
shown in many studies to have abnormally low brain iron in RLS. Iron deficiency is
associated with hypomyelination in brains of animals. Therefore we hypothesized that a
myelin deficit should be present in the brains of patients with RLS. To test the hypotheses
of possible involvement of somatosensory cortex areas and hypomyelination in the white
matter, in the present study we applied two different analysis techniques: voxel-based
morphometry (VBM) for the investigation of brain structural differences and postmortem
analysis for the myelin-specific proteins , respectively.

Methods:
For in vivo imaging analysis, we performed VBM on 23 patients with and 23 age- and
gender-matched healthy controls. To expand the in vivo imaging-based findings to ex
vivo, we performed western blot analysis on myelin isolated from RLS (n=11) and
control (n=11) brain tissue obtained at autopsy for the expression of the integral myelin
proteins, myelin basic protein (MBP), and proteolipid protein (PLP) and the
oligodendrocyte specific enzyme 3 5 -cyclic nucleotide phosphohydrolase (CNPase).
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Results:
(A). In vivo imaging analysis; Relative to controls, VBM analysis revealed structural
abnormalities in the primary motor and somatosensory cortex in the gray matter regions.
In addition, the imaging analysis revealed significantly lower white matter volume of
RLS patients in the corpus callosum, anterior cingulum, and precentral gyrus. (B).
Postmortem analysis; The expression of MBP, PLP and CNPase in the myelin from RLS
was approximately 25% (p<0.05) lower than in controls. The amounts of transferrin (Tf)
and H-ferritin in the myelin fraction were also significantly decreased in RLS compared
to controls.

Conclusion:
The local atrophy of the primary and somatosensory motor cortex may support the
evidence of the sensorimotor symptoms that typically define the RLS. In addition to WM
abnormalities, lower levels in myelin, similar to those reported in animal models of iron
deficiency, was found in the brains of individuals with RLS. The evidence for less
myelin and lower myelin integrity in RLS brains, coupled with lower ferritin and
transferrin in the myelin fractions, is a compelling argument for brain iron insufficiency
in RLS. Multimodality analysis for the full range of RLS pathology may help us better
understand the complex, intermittent nature and diversity of the clinical features of RLS
and expand our consideration of treatment options for RLS.
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7.2

Introduction
Restless legs syndrome (RLS) is recognized as a common neurologic disorder,

affecting 5%-15% of the general population [8, 186]. Clinical symptoms are usually
accompanied by an unbearable urge to move the legs, frequently resulting in nocturnal
insomnia and chronic sleep deprivation.[220]. Family studies reported an autosomal
dominant pattern of inheritance and genetic linkages [15, 221]. However, the
pathogenesis of RLS still remains largely unknown.
The use of voxel-based morphometry (VBM) for the identification of brain
structural difference is increasingly important in the neurodegenerative diseases or
neurological disorder. VBM, one of such automated technique, has grown in popularity
because of the fact that it is relatively easy to use and has provided biological plausible
results [175]. However, there are confounding factors and limitations to be considered
when interpreting the results if differences in residual variability are linked to group
difference in morphology. Currently, previous morphological studies of RLS have used
VBM, reporting inconsistent patterns of cerebral abnormalities in gray matter in the
thalamus, hippocampus, and somatosensory cortex [213, 222, 223]. On the other hand,
there was no report of white matter structure differences, although a previous DTI study
reported cerebral white matter alteration in the regions associated with motor and
somatosensory functions [219]. However, there seems to be no involvement of iron
deficiency in these morphological changes due to the lack of prior iron studies.
To minimize the residual variability from the registration, we performed very high
dimensional elastic transformation technique, referred to as regional analysis of volumes
examined in normalized space (RAVENS) [176, 184]. RAVENS absolutely preserve the
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volume of different tissues of GM, WM and CSF both at the local and at the global level.
Local group comparisons from RAVENS analysis, therefore, are equivalent to volumetric
comparisons of the original images. RAVENS maps have been also applied to a variety
of studies [224-226]. For the comparison purposes with prior VBM studies in RLS, we
performed the VBM method for the regional volumetric difference as well. Due to the
clinical symptom of RLS, we hypothesized that dysfunction of the sensorimotor system
may be evident in the RLS brain, and may be associated with structural differences in the
white matter track.
Brain iron insufficiency is known to occur with RLS and the documented
neuropathology of RLS largely matches that produced by inadequate brain iron levels. A
consistent observation associated with brain iron deficiency is hypomyelination. For
example, indirect biomarkers of hypomyelination in humans, such as increased latency of
auditory brain stem potentials and visual evoked potentials, have been reported in irondeficient children [227, 228]. In rats, the most frequently used animal model for iron
deficiency, there is a decrease in myelin proteins (MBP and PLP), lipids (galactolipids
and phospholipids) and cholesterol in iron-deficient animals compared to controls [229,
230]. Furthermore, genetic disruption resulting in decreased expression of the H-ferritin
subunit in mice also results in a profile of hypomyelination similar to that seen with iron
deficiency [230]. Placing rats on an iron-restricted diet, even after weaning (PNDs 2163), was associated with a significant decrease in myelin proteins [230, 231]. This latter
study indicates that disruption of iron availability can impact myelin formation not only
during peak periods of neonatal development but at later ages. Indeed, myelin may be
much less static than traditionally considered as genes for myelin proteins and cholesterol
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synthesis have a clear circadian rhythm [232] and cholesterol synthesis is enriched in
myelin and dependent upon iron status. Moreover, there is evidence for continuing
development of myelination in the adult human brain [233] suggesting a continued iron
requirement for maintenance of adequate myelin in the adult brain.
Myelin is synthesized in the brain by oligodendrocytes and these cells stain more
strongly for iron than any other cell type in the brain [234]. Oligodendrocytes store iron
in predominantly in H-ferritin [218] and they are the only cells in the brain outside of the
choroid plexus to make transferrin for mobilizing iron [235]. Unlike transferrin made in
hepatocytes, however, transferrin made in oligodendrocytes is not secreted [236].
Enzymes for synthesizing myelin components are enriched in oligodendrocytes, and
many of these, such as HMG-CoA reductase the rate limiting step in cholesterol
synthesis, require iron for bioactivity [237]. Considering the importance of iron in the
process of myelin synthesis and the evidence for insufficient brain iron in RLS, we
hypothesized that there would be decreased myelination in RLS brains.
To test our hypothesis, we performed both a postmortem analysis on myelin from
RLS and control brains and MR imaging based analysis on living subjects.
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7.3

Materials and Methods

7.3.1

MR imaging analysis

Human Subject
Twenty-three RLS patients and age and 23 gender-matched normal healthy volunteers
were included in this study. The RLS subjects were obtained from the neurology
outpatient service and the diagnosis was made by a board certified neurologist
experienced with RLS following the standard criteria [7]. Subjects were excluded from
the normal cohort if they had any history of nervous system diseases or clinical findings
suggesting that RLS may be secondary to another illness. The severity of RLS symptom
was assessed using the International Restless Legs Syndrome (IRLS) study group rating
scale [205] by a board-certified movement disorders neurologist on the same day of the
MRI study. If subjects were taking medications to treat the symptoms of RLS, the IRLSS
and brain imaging were obtained at least one week after the medications were
discontinued. This study was approved by the institutional review board, and written
informed consent was obtained from all subjects.

MR imaging protocol
MRI studies were performed on a 3.0 T (Philips, Netherlands) with an 8-channel phased
array head coil as a transceiver. T1-weighted images of isotropic 1mm voxel were
acquired with a 3D MPRAGE (magnetization-prepared rapid acquisition gradient echo)
sequence (TR/TE = 9.87 /4.59 ms, inversion time = 600 ms, flip angle (FA) = 8°, matrix
size = 256×256, and field of view = 25×25 cm2 )
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RAVENS Analysis
Every scan was checked for image artifacts and gross anatomical abnormalities
prior to performing image analysis. The preprocessing steps included 1) Alignment to the
anterior commissure (AC)- posterior commissure (PC) plane 2) Skull-stripping and
Tissue segmentation; 3) RAVENS map.
(1) Alignment to the AC-PC
The initial alignment, referred to as AC-PC alignment, is a 6-parameter rigid
transformation (3D rotation and translation) to correct brains for head position and tilt.
The second step is a 12-parameter affine transformation to correct individual differences
in brain size and to fit the MNI atlas coordinates. This alignment was conducted in 3D
slicer (Pieper et al., 2006; 2004) and served as the starting point for all other methods.
(2) Skull-stripping and Tissue segmentation
Prior to segmentation, the extra-cranial tissue of the transformed images is
removed using BET2 software. The linearly transformed data are segmented into gray
matter (GM), white matter (WM), and cerebrospinal fluid (CSF) using VBM5 in SPM5
[185]. An automated segmentation algorithm uses Hidden Markov Random Field
(HMRF) option in the segmentation part of the VBM5 toolbox to minimize the noise
level of the segmentation. In this step, bias correction was applied for magnetic field
inhomogeneities. Finally, the segmented images are labeled with different intensity
values of 250 for WM, 150 for GM, and 50 for CSF, respectively, using home-built
MRUtil software.
(3) RAVENS maps
The regional volumetric analysis is performed using RAVENS maps based on a
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highly conforming high dimensional image warping algorithm [184]. In addition, it uses
tissue-preserving transformation, which ensures that image warping absolutely preserves
the amount of GM, WM and CSF tissue present in an individual‘s scan.

Figure 7.3.1.1 Flow diagram of RAVENS map
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VBM Analysis
Image analysis was performed using the VBM5 toolbox (http://dbm.neuro.unijena.de/vbm) in SPM5 (Welcome department of Imaging Neuroscience Group, London,
UK) running under MATLAB 7.1/R2007a (The Mathworks, USA). The procedure
includes generation of a customized template and probability maps, and the unified
segmentation
1) Customized Tissue Probability Map
In order to minimize the bias between image data of the cohort and an anatomical
tissue template, study-specific tissue probability maps were generated using both 23 RLS
and 23 control subjects. First, all images were spatially normalized to the Montreal
Neurological Institute (MNI) template provided in SPM 5 using a 12-parameter affine
transformation that preserve morphology of the subjects. The linearly transformed images
were then segmented into GM, WM, and CSF compartments. Subsequently, the
GM/WM/CSF maps were smoothed with isotropic 8-mm FWHM of a Gaussian filter and
averaged to construct a customized template.
2) Unified Segmentation
After obtaining the customized tissue probability maps, the unified segmentation
in VBM5 were performed. Unified segmentation combines segmentation, bias correction
and spatial normalization under the same iterative model [238] . The original images
were automatically segmented into different tissue types using a cluster analysis to
identify voxels belonging to particular tissue type. The segmented images were then
spatially normalized to the customized tissue templates through affine and nonlinear
transformations, resampling to a voxel size of 1×1×1 mm. Finally modulation was
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performed on the segmented GM images by multiplying the GM voxels by the Jacobian
determinants of the transformation matrix derived from the spatial normalization steps
[175]. Modulated normalized images were then smoothed with an 8-mm Gaussian
kernel. For successful estimation of smoothness of the residuals, GM mask based on the
average of the smoothed and normalized GM segmentations was used for explicit mask.
The generated GM mask was applied prior to statistical analysis.
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Figure 7.3.1.2 Flow diagram of voxel-based morphometry
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Simulation of Local Atrophy
To investigate the sensitivity of RAVENS technique to detect the highly localized
atrophy, we first made a simulated atrophy on gray matter images of control subjects. For
this purpose, we selected the specific region of precentral gyrus (PCG) for the three folds:
1) registration of PCG has proved very difficult. 2) the strong involvement of PCG in
the sensory-motor disorder of RLS symptom. 3) to decide the smoothing kernel size
allowing for highly sensitive detection of the simulated atrophy for voxel-based statistical
analysis. We manually defined the right PCG on triplanar displays of T1 images, using
MRIcro software (www.mricro.com).

Figure 7.3.1.3
An example of simulated atrophy in the right precentral gyrus (BA 6) indicated by arrows.
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7.3.2

Postmortem Analysis

Brain Tissue Procurement
Frozen tissue from the frontal (Brodmann's areas 9, 10) and temporal (Brodmann's area
22) cortices was obtained from postmortem samples of RLS (n=11, all females) and age
matched controls (n=11, all females). The control group consisted of individuals who
lacked any significant neurological history. The tissue was obtained from the Harvard
Brain Bank, a collection maintained by the RLS foundation. The clinical diagnosis of
RLS was confirmed by a RLS expert board certified in Sleep Medicine who reviewed a
detailed diagnostic questionnaire completed by the RLS individuals before their death.
The age range of RLS patients at the time of death was 53-91 years and the age range of
the controls was 58-87 years.

Isolation of Crude Myelin
Myelin was extracted from frozen brain tissue according to the method described by
Norton and Poduslo [239] with the exception that the protocol was terminated after
obtaining crude myelin. The crude myelin fractions were lyophilized and the dry weight
of myelin was noted. An aliquot of dry myelin was suspended in ripa buffer (Sigma,
Saint Louis, MO), kept on ice for 30 min and then centrifuged for 1hr at 100,000g at 4C.
The supernatant is collected and total protein concentration was determined using BCA
assay (Pierce, Thermoscientific, Rockford, IL).
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Western Blot Analysis:
SDS-PAGE was performed on equal amounts of total protein (20ug) for
quantification of oligodendrocyte specific enzyme 3 5 -cyclic nucleotide
phosphohydrolase (CNPase) and myelin-related proteins, myelin basic protein (MBP)
and proteolipid protein (PLP) in the myelin. An equal amount of a pooled sample of
myelin was included on each gel as a reference for comparing the relative amounts on
each myelin protein. After quantification of the immunoblots for the above mentioned
proteins, the intensity of each sample was expressed as percentage of the intensity of
pooled sample.
Western blot analysis was also performed for quantitation of transferrin (Tf) and
H-Ferritin (H-Frt) in the myelin. Each sample was denatured at 95C for 5 min and
applied to a 4-20% gradient polyacrylamide gel at 100 V for 1.05 h (NuSep gels, Austell,
GA). Proteins were transferred from the gel onto 0.2µm pore size nitrocellulose
membrane (Pall Corporation, Pensacola, FL), blocked for 1 h with 5% nonfat dry
skimmed milk in Tris-buffered saline (TBS), and washed with TBST containing 0.05%
Tween. The membranes were incubated overnight with a primary antibody. The primary
antibodies used were anti-MBP (abcam, Cambridge, MA), anti-CNPase (abcam,
Cambridge, MA), anti-PLP (Chemicon, Temecula, CA), anti-Tf (EY laboratories, San
Mateo, CA) and anti H-Frt (Santa Cruz, Santa Cruz, CA). HRP-conjugated secondary
antibodies (GE Health Care, Buckinghamshire, UK) were used at 1: 2500 dilutions and
incubated for 1hr at RT. The immunoblots were then washed with TBST and exposed to
enhanced chemiluminescent detection solution (Perkin Elmer, Waltham, MA) for 1 min,
scanned and analyzed using the Multigauge program (V3.0) (Fuji Film System).
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7.3.3

Statistics

Statistical analysis of postmortem myelin data was carried out using a Mann Whitney U.
test using Graph Pad Prism 4 software. To minimize confounding effects such as age and
gender, a paired t-test was used to compare brain morphology for age- and gendermatched pairs from the two groups. Between-group differences were analyzed with a
height threshold of p < 0.05 corrected for multiple comparisons using small volume
correction method. Clusters exceeding 50 edge-connected voxels were included in the
reported analysis. The ability of the RAVENS analysis to detect the regionally specific
simulated atrophy was examined by voxel-wise paired t tests applied on the respective
RAVENS maps of control subjects.
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7.4

Results

7.4.1

Imaging analysis:
There was no difference in age (t-test; t = 0.102, p = 0.92) and gender (chi-square

test; p = 0.749589) between RLS and control groups. The average severity score of RLS
subjects was 24.4 ± 6.1 and average disease duration was 12.6 ± 11 yrs. Eighteen RLS
subjects were treatment-naïve and 5 subjects being treated with pramipexole or ropinirole
discontinued their medication one week prior to MRI scanning. (See table 7.4.1). The
maximum age difference within the gender- and age-matched pairs used for these
analyses was 3 yrs (mean difference ± SD; -0.4 ± 1.6 yrs).
The RAVENS method successfully detected localized areas in the right precentral
gyrus in which the local atrophy was simulated (t-test, p < 0.05 corrected). The group
analysis of GM and WM from the RAVENS and VBM method is provided in Table 7.4.2
and 7.4.3 respectively. Both RAVENS and VBM observed significant volume reduction
of several GM in RLS compared to controls including the somatosentory motor cortex
and primary motor cortex areas. In addition, significantly lower regional WM volumes
were observed in RLS compared to controls (t-test, corrected p < 0.005) in the corpus
callosum, anterior cingulum and white matter regions adjacent to precentral gyrus
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Table 7.4.1.1
Age (average, SD and range), gender, IRLS and medication history (the later for RLS only).
RLS patients

Controls

p value

Number

23

23

Age in years

55.9 ± 2.71

55.7 ± 2.77

0.964a

Gender (male/female)

8 / 15

7 / 16

0.950b

Clinical Severity

24.4 ± 1.27

Not applicable

Disease duration (yr)

12.6 ± 2.36

Not applicable

Medication (on / off)

6 / 17

Not applicable

Results are means ± SEM (standard error of the mean). a: t-test. b: chi-square (χ2)
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Table 7.4.1.2
Lower gray matter volume in RLS compared to age-matched controls

Location

Side

Cluster location in MNI
coordinate (mm)

Voxel
level

Cluster
volume

p
(corrected)

x

y

z

T score

(mm3)

L

-4

-10

-5

3.19

74

0.019

R

11

-29

63

3.12

99

0.017

R

23

-25

63

3.16

165

0.014

L

-41

-16

50

3.52

796

0.008

L

-9

-67

12

3.10

245

0.017

Occipital lobe (BA 17)

R

6

-85

8

4.02

704

0.019

Medial Frontal gyrus
(BA 32)

L

-2

7

47

3.08

130

0.018

R

3

-20

67

3.76

54

0.008

L

-35

-20

49

3.98

454

0.018

L

-40

-21

43

4.03

189

0.004

L

-47

-3

49

4.60

442

0.001

R

27

-24

58

3.31

320

0.017

RAVENS analysis
Subthalamus (hypothalamus)
Primary motor cortex
(BA 4)
Primary motor cortex
(BA 4)
Primary somatosensory cortex
(BA 3)
Posterior cingulate gyrus
(BA 30)

VBM analysis
Pre- and supplementary
Motor cortex (BA 6)
Primary motor cortex
(BA 4)
Primary somatosensory cortex
(BA 3)
Pre- and supplementary
Motor cortex (BA 6)
Primary motor cortex
(BA 4)

Each reported anatomical location exceeded a voxel-wise statistical threshold of P <0.001
(uncorrected) and an extent threshold of P < 0.05 (corrected for repeated measures). MNI
coordinates refer to the Montreal Neurological Institute space and the anatomical areas were
denoted by Brodmann's area (BA); R, Right; L, Left.

152
Table 7.4.1.3
Lower white matter volume in RLS compared to age- and gender-matched controls.

Cluster volume

Voxel
level

(mm3) P (corrected) T-score

Cluster location in
MNI coordinate
(mm)
x

y

z

Brain region (BA)

Side

123

0.005

4.17

5

9

24

Corpus callosum

181

0.002

4.34

10

-5

36

Adjacent to anterior cingulum (BA24)

R

386

0.005

4.40

-7

-4

34

Adjacent to anterior cingulum (BA24)

L

211

0.002

4.71

-40

-4

40

Adjacent to precentral gyrus (BA6)

L

354

0.001

5.77

47

11

9

Adjacent to precentral gyrus (BA44)

R

301

0.001

4.46

46

0

21

Adjacent to inferior frontal gyrus (BA9)

R

78

0.003

3.77

-22

-34

44

Adjacent to cingulate gyrus (BA31)

R
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Figure 7.4.1.1
RAVENS analysis shows the local volume reduction in the right precentral gyrus (BA 6) regions
in which the local atrophy was simulated in order to examine the sensitivity of RAVENS method
to detect the atrophy and to decide the smoothing kernel size [8mm].
Paired t-test at p < 0.001, uncorrected.
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Figure 7.4.1.2
RAVENS analysis of GM shows a significant lower GM volume in RLS at uncorrected P <
0.001 with extent threshold of 50 voxels. T values of voxels within significant clusters were
overlaid on the averaged RAVENS maps.
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Figure 7.4.1.3
VBM analysis of GM shows a significantly lower GM volume in RLS at uncorrected P < 0.001
with extent threshold of 50 voxels. T values of voxels within significant clusters were overlaid on
the averaged GM image.
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Figure 7.4.1.4
VBM analysis shows a significantly lower WM volume in RLS group compared to the control
group (p < 0.001, uncorrected) overlaid on axial T1-weighted images. T-score of clusters are
color-coded in the image.
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7.4.2

Myelin analysis:

The myelin protein profile revealed a significant decrease in the expression of the three
proteins analyzed (Figure 7.4.2.a-c). The expression of MBP in RLS brains was 23.7%
less than control brains (p<0.05) .The expression of PLP and CNPase were also
significantly decreased (24.6% and 32% respectively; p<0.05) in RLS compared to the
controls.

7.4.3

Transferrin and H-Ferritin in the myelin fraction:

As an indirect assessment of iron status in the white matter, we determined the
concentrations of Tf and H-Frt in the crude myelin fraction of the RLS and control brains.
Tf was decreased in the myelin from RLS brains by 26.7% compared to control (P <
0.010) and the amount of H-Frt was also significantly decreased (25.4%) in the RLS
myelin compared to the controls (P < 0.05) (Figure 7.4.3.a-b).
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Figure 7.4.2
Western blot analyses of myelin-related proteins in RLS and control brain autopsies. MBP (1a),
PLP (1b) and CNPase (1c) are significantly decreased in RLS. Solid line represents the median
value and the error bars represent the SEM (*p<0.05).
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Figure 7.4.3
Western blot analysis of transferrin and H-ferritin in the myelin fraction of RLS and control
brains. The amounts of transferrin (2a) and H-ferritin (2b) in the myelin were significantly
decreased in RLS compared to the control myelin (*p<0.05).
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7.5

Discussion

In this study we confirmed from both autopsy and in vivo studies our hypothesis that RLS
brains have wide-spread impairment in myelin consistent with that seen with
experimentally-induced brain iron deficiency in animals. The in vivo imaging studies
used voxel-based analyses to reveal volume reductions in primary and somatosensory, the
corpus callosum, and white matter regions adjacent to precentral gyrus. Brodmann's area
9, in particular, showed significant volumetric reduction in the RLS which coincided with
the brain area where tissue samples were taken for postmortem analysis. A decrease in
volume in the areas near the precentral gyrus was also reported by Unrath et al [223].

7.5.1

Decreased GM Volume
Indeed, there are arguments about the interpretation of VBM results since the

VBM analysis would reflect registration errors rather than volume difference [240]. We
introduced the method of high-dimensional pattern classification of RAVENS to
investigate spatial patterns of brain atrophy. However, since the geometrical pattern of
gyri is very complex and there is high intersubject variability, we first tested the
sensitivity of the RAVENS technique to detect the regionally specific simulated atrophy
in the right precentral gyrus. The elastic transformation of RAVENS successfully
detected the local atrophy, proving a high sensitivity of the method. From our initial
examination, we confirm that the RAVENS approach is highly sufficient to detect group
difference in tissue volume.
The consistent findings from both RAVENS and VBM analysis strongly suggest
that the local atrophy in sensory-motor structures is mainly associated with the
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pathophysiology of RLS. In this context, it is important to discuss dysfunction in the
sensory-motor system in RLS. The observed pattern of GM atrophy in RLS highly
supports the hypothesis of sensory-motor dysfunction.

7.5.1.1 Impairment of Sensory-Motor Integration.
Sensory-motor integration is the process by which sensory input is integrated
within central nervous system and used to assist motor program execution. RLS, as a
sensory-motor disorder, is characterized by a disagreeable sensation in the legs coupled
with an urgent desire to move the limbs. Due to these clinical symptoms, it has been
suggested that abnormalities in the peripheral afferent input or in the brain response to
sensory input may be involved in the release of untoward motor sequences, thus
producing involuntary movement. However, the involvement of cortical areas to RLS is
an issue of controversy. A functional MRI study in idiopathic RLS patients showed no
cortical activation, but activation of thalamus, cerebellum, dorsolateral prefrontal cortex
during sensory symptoms of the RLS [200, 212]. To date, a number of studies have tested
sensory-motor integration in RLS patients, by applying different neurophysiological
technique, such as mu and beta event-related desynchronization (ERD) and
synchronization (ERS) that reflect the activity of neurons involved in motor preparation.
Tyvaert et al., [241] observed RLS patients showed alteration of ERD and ERS patterns
which may suggest a dysfunction of inhibitory cortical control in RLS. Transcranial
magnetic stimulation (TMS) that is used to investigate cortical excitability has shown a
reduction of cortical inhibition, leading to increased excitability of motor cortex in RLS
patients (refs).
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Taken together, this evidence support the hypothesis that abnormalities in the
inhibitory pathways that link sensory input and motor output could play a role in the
pathophysiology of RLS.

7.5.1.2 Comparison with prior VBM studies of GM
Our findings are consistent with a previous report of significant volume reduction
of somatosensory areas [223].

However, we did not observe the thalamus or

hippocampal structural variability between the two groups. There are a number of
methodological and theoretical differences between our investigation and previous
studies [213, 222, 223]. In our study, we used VBM to investigate gray matter volume,
whereas previous works used density analysis to examine differences in regional density.
Gray matter density and regional volume are different aspects of brain morphology. In
addition, the aim of our study was to use intersubject variability to characterize structural
changes in the human cortex. We therefore considered age as a confounding variable to
discard any pattern of covariance that could be explained by regionally specific, agerelated decline. In contrast, previous work did not include effect of aging on GM atrophy.
Studies on the effects of normal aging on brain structures are profoundly influenced by
sample selection. One problem is to distinguish the effect of normal aging per se from the
age-associated disease. There are numerous cross-sectional imaging studies concerning
the effect of age on brain structure [242-244]. In this study, we assumed that the increase
rate of brain atrophy of RLS patients with age is the same as age-matched control
subjects, so that the results of paired t-test truly reflect the effect of RLS disease with
removal of aging effect through subtraction.
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Second, different software version and preprocessing method are a further source
of potential variation between studies and, therefore, needs to be taken into account when
interpreting and comparing findings [245]. To date, there have been incremental
improvements made to the SPM software. For example, spatial normalization accuracy
and tissue segmentation has been improved by adding MR imaging bias-filed correction
to the segmentation. Furthermore, VBM5 included a unified segmentation approach,
which combined the previously separate process of spatial normalization and tissue
classification, thus minimizing the inter rater's error.

7.5.2

Reduced WM Volume

Another area in which diminished white matter volume was detected in RLS brains was
the dorsal medial corpus callosum. The corpus callosum is highly organized with fibers
connecting specific cortical areas traveling through distinct callosal regions. The dorsal
medial corpus callosum consists of myelinated fibers connecting primary motor and
somatosensory motor cortices [246]. It is not clear that these changes would have any
clinical significance but recent human cortical stimulation studies, demonstrating that
select areas of the parietal cortex interact with the presupplementary motor area to
produce a compulsory ―urge to move‖ and then subsequent ―involuntary‖ movement
[247, 248] may be relevant to our findings. The essential core feature of RLS symptoms
is this overwhelming ―urge to move‖, which will produce an involuntary movement if the
patient tries to resist moving [7]. Is it possible that changes in myelination along these
interactive pathways might lower the threshold for expression of this symptom from these
cortical sites? It may also be relevant to our imaging data that similar findings of a
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smaller mid-sagittal area of the corpus callosum have been reported for ADHD patients
[249]. Similar to RLS, ADHD has also been found associated with reduced iron status
with lower serum ferritin levels [250] and clinical improvement with iron
supplementation [251]. The iron compromise in these disorders may overlap enough to
produce some common neuropathology and possibly some common symptoms. The
relationship of our data to the reports of increased incidence of RLS in multiple sclerosis
[252-255] raises the interesting possibility that loss of myelin in some way contributes to
expression of RLS symptoms.

7.5.3

Myelin Analysis
The loss of integral myelin proteins as found in the postmortem study provides

compelling evidence for impaired myelin in RLS. Moreover, the decrease in both Tf and
H-ferritin, which are found in white matter predominantly in oligodendrocytes [218, 256]
coupled with a decrease in the oligodendrocyte specific marker CNPase further indicate a
compromise in iron acquisition and oligodendrocyte function. The decrease in Tf, ferritin
and CNPase could occur for either or both of two different reasons. First, there could be
fewer oligodendrocytes in the white matter in RLS. A decrease in the number of
oligodendrocytes in the white matter tracts following iron deficiency has been previously
reported in the rat model of iron deficiency [257]. Second, the iron-deficient
oligodendrocytes will have less H-ferritin and CNPase. The effects of cellular iron
deficiency on Tf in oligodendrocytes are not known. In other tissues Tf would be
expected to increase, but oligodendrocytes do not secrete Tf [236]. Decreased
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intracellular iron status in these cells might be expected to lead to the observed decreased
Tf.
The overall picture of decreased expression of the integral myelin proteins MBP
and PLP in white matter isolated from the cerebral cortices and decrease in the CNPase
along with the decrease in H-ferritin and Tf indicate a wide-spread alteration in myelin
composition and oligodendrocyte function in the RLS brain. These results are consistent
with iron deficiency effects in animals [230] providing further support that significant
brain iron-deficiency occurs with RLS. The mechanism underlying the interrelationship
between iron requirements of oligodendrocytes and myelin has yet to be definitively
elucidated, but is likely a combination of iron requirements for synthesis and catabolism
of myelin rich components such as cholesterol and lipids as well as the energy
requirements of maintaining a membrane that has been estimated at 100X the weight of
the cell body [9].
The results are particularly notable for decreased myelin in the RLS brains
reported herein given the areas examined. The frontal and temporal cortices were chosen
because they have no known relevance to the dopaminergic pathways considered
important for RLS symptoms. Although the clinical significance of these findings is not
clear, the myelin deficit in these regions demonstrates the very pervasive nature of the
neuropathology of RLS. These myelin analyses argue that although some specific brain
regions or specific pathology in a given brain region may relate more directly to certain
symptoms or phenotypes. Understanding the full range of RLS pathological may help us
better understand the complex, intermittent nature and diversity of the clinical features of
RLS and expand our consideration of treatment options for RLS. In particular, these data
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indicating not only a wide spread myelin deficit but also an iron deficit argue that we
need to look beyond the sensorimotor symptoms that typically define the syndrome and
its assumed relation to the dopaminergic system.
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Chapter 8
Proton Magnetic Resonance Spectroscopy Studies of Brain
Metabolism in RLS : Increase in Cerebral Metabolite Concentrations
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8.1

Abstract

Background:
Restless legs syndrome (RLS) is one of the most common sensory-motor disorders,
characterized by a disagreeable sensation coupled with a strong urgent desire to move the
legs. Due to these clinical symptoms, a pathology of dysfunction of dopaminergic system
in RLS has been suggested. Until very recently, a number of neuroimaging and autopsy
studies have provided the evidence of a reduction of brain nonheme iron in RLS,
resulting in decreased myelin content. Iron deficit is significantly coupled with central
dopaminergic dysfunction resulting from the alteration in dopaminergic D2 receptor (D2R)
in brain. In this study, our aim was to investigate the biological mechanism of the effect
of iron deficiency on the brain biochemical metabolism such as myelination and
neurotransmission.

Method:
We studied 19 RLS patients and 18 age-matched control subjects using proton magnetic
resonance spectroscopy (1H-MRS) on the putamen that provides in vivo neurochemical
information of a number of metabolites.

Results and Discussion:
Our data showed that a significantly higher level of concentrations of multiple
metabolites was found in RLS brains compared to the controls: N-Acetylaspartate (NAA),
myo-inositol (mI), glutamate, and choline. The most striking finding was increased NAA
and mI level in RLS. Since NAA is involved in the myelin synthesis, we may speculate
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that the increased concentration of NAA could be interpreted in two ways: 1) a defect in
deacetylation of NAA necessary for myelin production resulting in increase in NAA
storage, 2) a compensation for the reduced myelin (hypomyelination) due to insufficient
iron, resulting in increase in NAA synthesis. In addition, we also observed a significantly
higher concentrations of glutamate and choline in RLS compared to controls. Both
glutamate and choline are known to be involved in neurotransmission in the brain directly
or indirectly and they are coupled with dopaminergic function. Thus, the dopaminergic
dysfunction in RLS due to insufficient iron may affect the alteration of these metabolites,
leading to the increased neurotransmission.
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8.2

Introduction
Restless legs syndrome (RLS) is a neurological disorder that affects 5-10% of the

general population [8, 186] characterized by the presence of the uncomfortable sensation
in the limb, followed by an uncontrollable movement of the legs. Due to these putative
symptoms of motor restlessness and sensory feeling, an impairment or mismanagement
of sensorimotor integration in the central nervous system in RLS has been suggested.
The dramatic treatment response to dopamine agonists and levodopa [4, 258] and
the adverse reactions to dopamine antagonists [259] have provided the basis for the
hypothesis of dopamine pathology. Thus, dopamine agonists or levodopa are currently
considered first-line choice for the pharmacological treatment of RLS. However, in longterm pharmacological studies, augmentation was found to occur up to 72 % of RLS
patients treated with levodopa [26, 40, 41]. Previous brain neuroimaging studies [192,
260-263] have failed to provide a consistent pattern indicating a dopamine deficit. In this
context, to date most attempts to document any dopamine pathology in RLS have been
unconvincing. Interestingly, recent data suggest that RLS patients with lower baseline
level of ferrtin (an iron storage protein) are at higher risk of developing augmentation
during the course of dopaminergic treatment [60]. Thus, a close interaction of iron
metabolism and the dopaminergic system further strengthen a putative role of low iron
store as potential aggravator of idiopathic RLS.
Brain iron deficiency has been reported by CSF studies [48, 264, 265], autopsy
studies [51], and in vivo MRI [48, 216]. The consequence of iron deficiency in the brain
regions associated with sensorimotor function is under consideration as part of the
pathogenesis in RLS. To our knowledge, in vivo metabolic studies on RLS brains have
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not been reported to date, so that the neurochemical basis and the neurochemical
abnormalities underlying RLS are not fully defined. Unlike human studies showing the
lack of evidence for a metabolic pathology in RLS, there are direct evidence from irondeficiency animal models, indicating a significant impact of iron deficiency on persistent
changes of multiple metabolites that are responsible for myelination, neurotransmission,
and resting energy status [266]. If the iron-deficiency model of RLS is correct, then brain
metabolic abnormalities induced by impaired iron availability in animals should be at
least partly observed in RLS patients. In particular, the striatal increase in metabolite
level observed in the iron-deprived rat model would be expected to occur in the same
brain region of RLS. It is important to note that our previous in vivo iron study showed
lower iron contents in RLS patients [216] compared to controls. Based on the role of iron
in the myelination and neurotransmission, thus, we hypothesized that global iron
deficiency in RLS brains may affect myelin-related functions and neurotransmission. .
To test our hypothesis, we applied single voxel proton magnetic resonance
spectroscopy (1H- MRS) that allows for the investigation of a number of neurochemical
metabolites in vivo. In particular, the putamen, one of the regions of the striatum, has
been selected as a primary region of interest for 1H-MRS study due to its functional
involvement cognitive and sensory information in the sensory-motor circuit [267, 268].
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8.3

Material and Methods

8.3.1

Human Subjects

Eighteen RLS patients and 19 age and gender-matched normal healthy volunteers were
included in this study. The RLS subjects were obtained from the neurology outpatient
service and the diagnosis was made by a board certified neurologist experienced with
RLS following the standard criteria (NIH diagnosis, [7]). Subjects were excluded from
the normal cohort if they had any history of nervous system diseases or clinical findings
suggesting that RLS may be secondary to another illness. The severity of RLS symptom
was assessed using the International Restless Legs Syndrome Study Group (IRLSSG)
Rating Scale [205] by a board-certified movement disorders neurologist on the same day
of the MRI study. If subjects were taking medications to treat the symptoms of RLS, the
IRLSS and brain imaging were obtained at least one week after the medications were
discontinued. This study was approved by the institutional review board, and written
informed consent was obtained from all subjects.

8.3.2

1

H MRS

All 1H-MRS studies were performed on a 3.0 T whole-body scanner (Philips NT Intera;
Philips Medical Systems, Best, Netherlands). The standard RF head coil was used as
transceiver. Spatial localization of MR spectra was achieved using a short-echo point
resolved spectroscopy (PRESS) spectroscopy (TR / TE = 2000/30 ms, 2048 complex
points, number of average =128). To minimize the longitudinal magnetization of the
water signal at the time of the RF excitation pulse, water suppression was achieved by
adjusting the tip angle of the second RF pulse (window = 140 Hz, second pulse = 300ms).
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8.3.3

MRI acquisition
MRI studies were performed on a 3.0 T (Philips, Netherlands) with an 8-channel

head coil as a transceiver. Whole brain T1-weighted images of isotropic 1mm voxel were
acquired with a 3D MPRAGE (magnetization-prepared rapid acquisition gradient echo)
sequence (TR/TE = 9.87 /4.59 ms, inversion time = 600 ms, flip angle (FA) = 8°, matrix
size = 256×256, and field of view = 25×25 cm2). The single volume of 3.38 ml
(1.5×1.5×1.5 cm3) was chosen large enough to acquire high SNR spectra within
measurement times sufficiently.
For the relaxation correction of , we measured T2 values of unsuppressed water
signals of individual subjects using a series of T2-weighted images obtained by
employing 14 equidistant echoes (TR/TE= 3792ms/ 8ms, inter echo delay= 8ms,
acquisition matrix= 256×256, slice thickness = 4mm, FOV = 23×23 cm2).

8.3.4

Spectral Fitting and Quantification

In vivo 1H-MRS spectra of individual metabolites were quantified using LCModel
software [146, 269], which fits the spectra with a linear combination of templates and
estimates the reliability of concentration measurements with a standard deviation for each
metabolite using Cramer-Rao lower bounds (CRLB) [170]. CRLB less than 15% was
considered reliable for metabolite peaks. Correction for T2 relaxation time effects of
water signals was made. The unsuppressed water signal measured from the same VOI
was used as an internal reference for the quantification of metabolite signals and eddy
current correction [165, 270]. We focus on N-acetylaspartate (NAA), choline-containing
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compound (Cho), creatine and phosphocreatine (Cr), glutamate and glutamate (Glx), and
myo-inositol (mI), which can be determined with relatively good precision.

8.3.4

Statistical Analysis

Statistical analysis was performed with Statistical Package for Social Science Software
(SPSS, version 13.0, Chicago, IL) . To account of age and gender difference, analysis of
covariance (ANCOVA) was performed for the comparison of 1H-MRS metabolite ratios
and concentrations between the subject groups. The statistical comparison of
spectroscopic values was performed using parametric tests, since a Kolmogorov-Smirnov
analysis showed that all variables satisfied normal distribution . The chi-square (χ2) exact
test was used to test for differences in gender between groups. The threshold of statistical
significance was set at P < 0.05.
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8.4

Results
Demographic and diagnostic details of the subjects are given in the table 8.4.

Before applying the parametric statistical test, we first the normality test for metabolite
concentrations and ratios, resulting in satisfying normality condition (KolmogorovSmirnov tests for all variables, P > 0.05), thus a parametric two sample t-test was applied
for the between-group comparison. There was no significant difference in age and gender
(age: t-test, P > 0.05; gender: chi-square, P > 0.05). Six patients have been taking the
RLS medication (3 Mirapex and 3 Requip) and they stopped taking the medications at
least one week prior to the MRS study.

TABLE 8.4
Demographics and clinical characteristics of RLS patients vs. controls
RLS patients

Controls

P value

Number
18
19
Age in years
51.4 ± 3.27
45.7 ± 3.27
P = 0.14a
Gender (Male/Female) 7/11
7/12
χ2 =0.06, P = 0.95b
IRLS score
25.3 ± 1.76
Not applicable
Medication (on/naive)
6/12
Not applicable
Values are given means ± SEM; IRLS=Int. Restless Legs Score; a, t-test; b, chi- square
(χ2) test
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8.4.1

Line width and T2 values
Our brain volume study showed no difference between the left and right volumes

in the two study groups and no lateralized abnormalities were expected to be found in our
RLS patients. Thus, single voxel 1H-MRS was performed in the right putamen in controls
and patients . There was no significant difference between the mean right putaminal
volume of RLS patients and normal controls (t-test, P = 0.73). The mean line width of the
water resonance was 8.56 ± 0.33 Hz in the RLS patients compared with 8.69 ± 0.44 Hz in
the control subjects (t-test, P=0.748).
All spectra acquired showed adequate signal-to-noise and SNR and dispersion of
each metabolites at given TR and TE time, so that LCModel software successfully
analyzed the in vivo data with basis sets (Figure 8.4.3.1-8.4.3.2).

TABLE 8.4.1
The line width and T2 values of water, and volume of the right putamen.
RLS patients
Controls
P value (t-test)
(n=18)
(n=19)
Lline width (Hz)

8.63 ±0 .22

9.18 ± 0.28

P = 0.137

T2 values (ms)

69.3 ± 0.69

69.1 ± 0.75

P = 0.95

3490 ± 136

P = 0.73

Putaminal volume
3423 ± 132
(mm3)
Values are given means ± SEM
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8.4.2

No partial volume effect of CSF

Figure 8.4.2 shows the location of the single voxel centered on the right putamen. Using
the T1 images surrounding the voxel determined that pure gray matter of the voxel
contributed to, on average, 86 ± 0.24% of the total 1H signal and the remaining
approximately 14% was from white matter. No corrections were made for the
contribution of cerebrospinal fluid (CSF) since there was no CSF effect on the putamen
due to the location in the deep gray matter.

Figure 8.4.2
The placement of single voxel (voxel size = 1.5×1.5×1.5 cm3 ) using PRESS sequence in the right
putamen on 3D T1-weighted MR axial (left), sagittal (middle), and coronal image (right).
Radiological orientation (left-right, right-left). The single voxel mostly include the putaminal
gray matter (86%) and white matter (14%). The partial volume effect of CSF was not observed.
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8.4.3

1

H MRS Analysis of Metabolite Concentrations and Ratios

We found a general trend of higher metabolite concentrations and ratios in RLS brains
compared to controls, such as cho, tNAA, Glx, and mI (t-test, P<0.05). There was no
difference in the creatine-containing compound between the two groups. For the
correction of T2 relaxation times due to short TR time, T2 values of unsuppressed water
signals of individual subjects were applied. In addition, the t-test revealed an increase in
the ratios of tCho and Glx to Cr, relative to the controls (P<0.05).
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Figure 8.4.3.1
Localized proton MRS spectrum of a RLS subject using LCModel curve fit. The top traces show
the residue of the fit.
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Figure 8.4.3.2
Localized proton MRS spectrum of a RLS subject in the right putamen using LCModel curve fit
and metabolite basis sets.
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TABLE 8.4.3
1H-MRS data obtained in the putamen from patients with RLS and healthy controls.
Metabolites

RLS Patients

Controls

P value

tCh

1.99 ± 0.05

1.60 ± 0.06

0.001

tNAA

7.23 ± 0.36

6.59 ± 0.26

0.237

NAA

6.48 ± 0.25

5.84 ± 0.19

0.029

Glx

14.3 ± 0.62

12.2 ± 0.29

0.020

Glu

8.61 ± 0.53

8.23 ± 0.53

0.529

mI

4.18 ± 0.18

3.50 ± 0.24

0.038

Cr

6.40 ± 0.22

6.11 ± 0.10

0.760

tCh/Cr

0.32 ± 0.01

0.26 ± 0.01

0.006

tNAA/Cr

1.15 ± 0.06

1.10 ± 0.05

0.654

NAA/Cr

1.03 ± 0.05

0.95 ± 0.03

0.200

Glx/Cr

2.29 ± 0.08

2.11 ± 0.05

0.056

Glu/Cr

1.34 ± 0.05

1.36 ± 0.05

0.840

mI /Cr

0.69 ± 0.04

0.58 ± 0.05

0.096

Concentration [mM]

Ratio

Data are expressed mean ± SEM. ANCOVA test: P <0.05 were considered significant.
Abbreviation: tCh=GPC+PCh; tNAA=NAA+NAAG; Cr=PCr+Cr; Glx=Glu+Gln;
PCh=Phosphocholine; GPC=Glycerophosphocholine, NAA=N-Acetylaspartate, NAAG=NAcetylaspartyglutamate, Cr=Creatine, PCr=Phosphocreatine, Glu=Glutamate, Gln=Glutamine,
mI=myo-inositol.
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Figure 8.4.3.3 Statistical comparison of metabolite concentrations. *P <0.05, ** P <0.005

Figure 8.4.3.4 Statistical comparison of the ratio of metabolite to creatine.
*P <0.05, ** P <0.005
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8.6

Discussion
The acquisition of MR spectra in the putamen is particularly challenging since

strong magnetic susceptibility effects from substantial iron deposition in this structure
that increase peak line width and reduce the precision of peak quantification. In our study,
however, the MR spectra within the given volume of interest showed enough SNR and
sensitivity to detect the major metabolites of interest.
In the putamen, contamination involves the nearby white matter, and it is
considered of little importance in adults [271].
The analysis of 1H MRS spectra showed a significant between-group difference in
metabolite concentrations and ratios. The concentrations of multiple metabolites were
elevated in patients with RLS compared to age-matched control subjects. This difference
was not due to age, gender, or total brain volume. Using the same cohort of subjects, our
previous in vivo MRI study already showed a decreased non-heme iron level in RLS. In
addition, in vivo our data were in good agreement with the results of animal model of
nutritional iron deficiency that shows the same pattern of increased metabolic activity.
Therefore, it is of importance to interpret alterations in neurochemical profiles from the
view point of the mechanism of the effect of iron deficiency on brain biochemistry.

8.6.1

Myelin-Specific Metabolites: N-Acetylaspartate and myo-inositol

NAA
N-acetyl aspartate (NAA) is an intermediary metabolite that is found in relatively
high concentrations in the human brain. NAA is often used as a neuronal marker during
1

H MRS experiments since NAA is synthesized in neuronal mitochondria [113, 114].
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However, immunocytochemcal staining for NAA reveals NAA degradation (via
aspartoacylase) may be a membrane associated process in the oligodendrocytes [115,
116]. Astrocytes have also been shown to express aspartoacylase activity [117].
Another important role of NAA has been suggested by the study of neurological disease
of Canavan's disease [121, 122]. Canavan‘s disease, a defect in NAA metabolism, is
associated with demyelination [122] showing increase in NAA concentration resulting
from the deficiency in aspartoacylase.
NAA is thought to be important in myelination by supplying fatty acid synthesis
with acetyl coenzyme A (CoA). As first step, NAA need to be hydrolyzed to aspartate
and acetate via aspartylacylase. The predominate expression of aspartoacylase activity
and high level of NAA is seen in the oligodendrocyte cells that require iron for energy
production and myelin synthesis in the CNS [117, 272]. Thus higher levels of NAA in
RLS with iron deficiency could represent a defect in deacetylation of NAA required
during myelin production, resulting in increase in NAA storage. Another possible
interpretation is that the loss of endogenous iron mobility due to iron deficit in
oligodendrocytes could be overcome by increasing the production of NAA level as
attempts to rescue myelin deficits (hypomyelination).

myo-inositol
Due to its high concentration in glial cells of the human CNS, myo-inositol is identified
as a glial-specific marker [133]. Glial cells are thought to produce and maintain myelin
sheaths [273, 274]. Myo-inositol serves as a precursor for the phosphoinositides which
are thought to play a vital role in myelin [275]. Novak et al, however, observed that
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neuronal cells also maintained a high intracellular concentration of inositol [276]. Myoinositol plays primary role in lipid synthesis, signal transduction and osmotic regulation
by changing concentration [277-279]. Thus, change in mI concentration is directly
coupled with a number of pathophysiological conditions [280]. In line with NAA
increase, altered myo-inositol concentration in RLS may indicate that hypomyelination
due to insufficient iron in RLS affects glial cell integrity and upregulates myo-inositol
transporter in response to change in ionic flux, and thus facilitate the influx of mI
increasing mI concentration in the intracellular space.

8.6.2

Increased Neurotransmission

Choline
The cholinergic system is one of the most important modulatory neurotransmitter
systems in the brain. The precursor for acetylcholine synthesis, choline, is an essential
nutrient that plays a critical role in brain development and disease. Acetylcholinemedicated neurotransmission has a crucial role in the control of voluntary movement
exerted by the striatum and, accordingly, this brain area contains some of the highest
levels of acetylcholine as well as muscarinic receptors and other acetylcholine-related
markers in the brain.
One of the most striking findings was a high concentration in choline-containing
compounds in RLS. Choline contains glycerophosphocholine (GPC), phosphocholine
(PC) and small amount of free choline. GPC and PC are compounds involved in
membrane metabolism, synthesis and degradation. The myelin sheath is multilayer
membrane structure including high contents of lipids which shield the neuronal axon.
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Thus, choline is known to be associated with myelin. Choline concentration is higher in
white matter which correlate with myelin distribution [129]. Changes in choline signal
are interpreted as disruption in the membrane metabolism and myelin production [281].
In this context, since myelin is under continuous repair in RLS patients with iron
deficiency, higher concentration of choline-containing compounds in RLS might indicate
more active myelin turnover in order to compromise decreased myelin.
Choline, as a precursor for acetylcholine (ACh) synthesis, is an essential nutrient
that plays a critical role in brain development and disease [282-284]. The cholinergic
system is one of the most important modulatory neurotransmitter systems in the brain
[285, 286]. Acetylcholine-mediated neurotransmission has a crucial role in the control of
voluntary movement exerted by the striatum and accordingly, this brain area contains
some of the highest level of acetylcholine [285]. Elevation of acetylcholine concentration
as a result of hyperactivity of the cholinergic system leads to an abnormal output to the
globus pallidus and substantia in Parkinson's disease [285].
The administration of ACh-receptor antagonists represents one of the earliest
therapies for PD, suggesting a functional imbalance between dopaminergic and
cholinergic systems. According to the dopamine (DA)- ACh balance theory, DA exerts a
prominent inhibitory effect on the release of ACh within the striatum. The loss of
dopaminergic nerve terminals observed in PD causes hyperactivity in the cholinergic
system, which leads to an abnormal striatal output to the globus pallidus and substantia
nigra.
The current recommended treatment for primary RLS is anti-Parkinson drugs.
Recently, physostigmine, an anticholinergic drug, has been used in acute treatment of
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primary RLS since it has opposite effect on acetylcholine. Physostigmine may permit
acetylcholine to accumulate at cholinergic receptors in the reticular activating system,
thereby increasing arousability. Intravenous administration of 1 mg of physostigmine
eradicated all extraneous leg motion of RLS as results of altering central neurotransmitter
balance and eliminated the leg movement [287]. In line with these findings, high
concentration of choline in the putamen RLS may cause the hyperactivity in the Achmediated neurotransmission, which inhibit the release of dopamine that produce RLS
symptom. Indeed, detection of the choline resonance by 1H-MRS is not specific to
acetylcholine level due to the overlapping resonance of choline, glycerophosphocholine
(GPC) and phosphocholine (PC). Moreover, the GPC is the predominant water-soluble
choline metabolite in the brain [288], and GPC and PC are found at a much higher level
than that of acetylcholine. Although 1H-MRS is not a specific tool to monitor
acetylcholine, we can't exclude the possibility of the increased cholinergic activity
resulting from high choline concentration in RLS.

Glutamate
The amino acid L-glutamate acts as the most ubiquitous mediator of excitatory
synaptic transmission in the central nervous system. Glutamatergic transmission is central
for diverse brain functions, being particularly important for learning, memory, and
cognition. In brain pathology, excessive release of glutamate triggers excitotoxic neural
cell death through necrotic or apoptotic pathways. Glutamate effects are mediated by
several classes of glutamate receptors, expressed in virtually all cells of neural origin.
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The inhibitory action of ACh on neurotransmitter release in the striatum has long been
postulated. ACh is known to reduce the excitatory synaptic potentials [289]. Other in
vitro experiments have reported that ACh and Cholinergic-receptor agonists exert
inhibitory effect on action potentials [290].
Neuroanatomical and functional studies demonstrated that chronic denervation of
dopaminergic neurons in the striatum cause hyperactivity of corticostriatal glutamate
neurotransmission [291]. For example, in PD studies, an increased concentration and
release of glutamate from corticostriatal terminals has been reported in the striatum [292294]. It is well known that dopamine-receptor agonists can successfully alleviate clinical
symptoms of RLS [7, 295]. A recent study confirmed that single-pulse transcranial
magnetic stimulation (TMS) experiment showed that an alteration of cortical excitability
after dopaminergic treatment in RLS patients was suggested to be related a dopaminergic
dysfunction [296]. In RLS studies, it is well known that insufficiency of iron in the brain
may reduce dopaminergic function by decreasing the activity of tyrosine hydroxylase, the
rate limiting step in dopamine synthesis, or the expression of dopaminergic transporters
or receptors. Decreased activity of tyrosine hydroxylase would result in a reduction in
dopamine formation and hence in the amount of dopamine available to bind to postsynaptic receptors [53-56]. More recently, single-pulse transcranial magnetic stimulation
(TMS) experiment showed an alteration of cortical excitability after dopaminergic
treatment in RLS patients suggested to be related a dopaminergic dysfunction [296].
To summarize, in this study we demonstrated that RLS is involved in increase in
concentration of multiple metabolites. According to our hypothesis of iron deficit in RLS,
we found abnormal concentrations of myelin-specific metabolites such as NAA and myo-
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inositol. In addition, increased cholinergic and glutaminergic concentration may suggest
that neurotransmission was significantly affected by dopaminergic dysfunction in RLS.
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Chapter 9
Reduced Thickness of Corpus Callosum in
Restless Legs Syndrome
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9.1

Abstract

Background:
Restless legs syndrome is a sensorimotor disorder characterized by motor restlessness in
the presence of uncomfortable sensation of the leg. Recently, Evidence has suggested that
iron deficiency in the sensory-motor pathway is strongly related to the mechanism
underlying RLS.
Our previous morphological and autopsy analysis have demonstrated that iron deficiency
in RLS contributed to the volumetric change and myelin deficit. Since iron plays a crucial
role in myelination in human brains, it has been suggested that the volume reduction in
RLS brain was in part due to hypomyelination due to iron deficiency. Based on these
previous reports, we hypothesized that myelin deficit in RLS could reduce the thickness
of corpus callosum consisting of highly myelinated fibers. To test our hypothesis, we
developed an image analysis technique for the thickness measurement of the corpus
callosum.

Method:
We studied 23 RLS patients and 23 age- and gender- matched control subjects.
Paired t-test was used for the between-group comparison of callosal thickness.
Imaging analysis includes several procedures: segmentation of corpus callosum, division
of callosal regions, distance mapping, and measurement of callosal thickness from the
center line.
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Results:
The measured values of callosal thickness in control subjects are consistent with
published data, confirming the reliability of distance mapping algorithm. The developed
method revealed a significant decrease in callosal thickness in the midbody regions in
RLS compared to age- and -gender matched controls (t-test, p<0.05).

Discussion:
We observed the decreased callosal thickness in the midbody regions in RLS connecting
primary or somatosensory areas compared to controls. In particular, the fiber
composition of the midbody of corpus callosum tends to have higher proportions of
coarse-diameter, highly myelinated fibers than other callosal regions. Hence, the
decreased callosal thickness may indicate fewer numbers of fibers or a decrease in the
myelination of fibers resulting from iron deficiency. Therefore, we may speculate that
impaired iron management in the RLS brains leads to myelin deficit in sensorimotor
fibers, resulting in reduced callosal thickness in the midbody regions. This might affect
interhemispheric communication channels by affecting brain functional synchrony
impairment, and may contribute to the symptoms of RLS.
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9.2

Introduction
Restless legs syndrome (RLS) is recognized as a common neurologic disorder,

affecting 5%-15% of the general population [8, 186]. Brain iron insufficiency is known
to occur with RLS and the documented neuropathology of RLS largely matches that
produced by inadequate brain iron levels. A consistent observation associated with brain
iron deficiency is hypomyelination. For example, indirect biomarkers of hypomyelination
in humans, such as increased latency of auditory brain stem potentials and visual evoked
potentials, have been reported in iron-deficient children [227, 228]. In rats, the most
frequently used animal model for iron deficiency, there is a decrease in myelin proteins
(MBP and PLP), lipids (galactolipids and phospholipids) and cholesterol in iron-deficient
animals compared to controls [229, 230]. Furthermore, genetic disruption resulting in
decreased expression of the H-ferritin subunit in mice also results in a profile of
hypomyelination similar to that seen with iron deficiency [230]. Placing rats on an ironrestricted diet, even after weaning , was associated with a significant decrease in myelin
proteins [230, 231]. This latter study indicates that disruption of iron availability can
impact myelin formation not only during peak periods of neonatal development but at
later ages. Indeed, myelin may be much less static than traditionally considered as genes
for myelin proteins and cholesterol synthesis have a clear circadian rhythm [232] and
cholesterol synthesis is enriched in myelin and dependent upon iron status. Moreover,
there is evidence for continuing development of myelination in the adult human brain
[233] suggesting a continued iron requirement for maintenance of adequate myelin in the
adult brain. More recently, RLS autopsy study revealed that the expression of ironspecific protein was decreased by 25% compared to controls. The amount of transferrin
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and H-ferrtin in the myelin fraction was also significantly decreased in RLS.
The corpus callosum (CC) is the main interhemispheric commissure of the brain
consisting of approximately 180 million fibers [55], most of which connect homologous
cortical areas. The uneven distribution of fiber types along the corpus callosum suggests
important functional difference in interhemispheric communication between different
types of cortical areas [297, 298]. Studies of subjects with brain lesions and animal
research indicate an integral role for the CC in unifying sensory fields [6,51], organizing
bimanual motor output [69], aiding memory storage and retrieval [68], allocating
attention and arousal [36], facilitating language and auditory functions [13], and perhaps
also in consciousness itself [32]. In general, the CC is thought to integrate the activities
of the two hemispheres by transferring sensory and higher processed information. As task
difficulty increases, the integrated activity of both hemispheres becomes more important
[23,37], and both creativity and intelligence have been linked to interhemispheric
integration [8]. For this function of CC, it has been target of extensive studies of dyslexia
[299], Tourette's syndrome [300], Down's syndrome [301], depression [302],
schizophrenia [303], and HIV/AIDS [304].
In our current study, we hypothesized that myelin deficit could result in reduced
thickness of the corpus callosum in RLS individuals. To test our hypothesis, we
developed a new image analysis technique for the measurement of the callosal thickness.
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9.3

Materials and Methods

9.3.1

Human Subjects

Twenty-three RLS patients and 23 age and gender-matched normal healthy volunteers
were included in this study. The RLS subjects were obtained from the neurology
outpatient service and the diagnosis was made by a board certified neurologist
experienced with RLS following the standard criteria (NIH diagnosis, Allen, 2003).
Subjects were excluded from the normal cohort if they had any history of nervous system
diseases or clinical findings suggesting that RLS may be secondary to another illness.
The severity of RLS symptoms was assessed using the International Restless Legs
Syndrome Study Group (IRLSSG) Rating Scale [205] (Good, 2001) by a board-certified
movement disorders neurologist on the same day of the MRI study. If subjects were
taking medications to treat the symptoms of RLS, the IRLSS and brain imaging were
obtained at least one week after the medications were discontinued. This study was
approved by the institutional review board, and written informed consent was obtained
from all subjects.

9.3.2

MR imaging protocol

MRI studies were performed on a 3.0 T MRS systems (Philips, Netherlands) with an 8channel phased array head coil as a transceiver. Brain T1-weighted images of isotropic
1mm voxel were acquired with a 3D MPRAGE (magnetization-prepared rapid
acquisition gradient echo) sequence (TR / TE = 9.87 /4.59 ms, inversion time = 600 ms,
flip angle (FA) = 8°, matrix size = 256×256, and field of view = 25×25 cm2 )
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9.3.3

Image processing

To obtain highly localized measures of callosal thickness for across hemisphere
comparisons, anatomical segmentation technique of voxel-based morphometry was
employed using SPM5. First, all images were corrected for head position and tilt but
preserving original brain sizes. That is, 6-parameter transformations were used to reorient
the T1 data and to place it into the co-ordinate space of the MNI152 T1 average brain
template . However, based on the fact that individual brain sizes and gender might
influence the thickness of the corpus callosum [305], affine linear transformation method
was further applied to the T1 images in order to correct individual differences in brain
size using 12-parameter transformations to convert the data into the dimensions of the
MNI152 average brain, referred to as scaled data. The scaled images are then segmented
into WM using a unified segmentation method in VBM 5 [185]. Scaled callosal outlines
were separated from the WM images by manual segmentation using MRIcro software
and the CC outlines were then automatically divided into top and bottom segments as
illustrated in Figure. 9.3.3.2. Subsequently, the medial CC line was calculated from
spatially homologous surface points representing the upper (top) and lower (bottom)
callosal surface boundaries by connecting peak points of Euclidean distance
transformation. Finally, the distances between each of 150 equidistant surface points
making up the medial CC line and 150 equidistant surface points making up the callosal
surface boundaries (top and bottom) were calculated. This system using 150 points is
somewhat comparable to Denenberg‘s approach dividing the midsagittal CC area into 99
percentile widths along a curved longitudinal axis [306]. However, in contrast to
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subjecting these width measures to factor analysis in order to reveal regional clusters as
Denenberg did, our approach provides us with pointwise distance measures at each of the
150 surface points estimating the local thickness of the CC. Hemispheric differences in
callosal thickness measures were assessed by applying paired t-tests at each of the 150
callosal surface points for the whole subjects . Regions exhibiting significant differences
were coded in color and mapped onto the average callosal surface model.
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Figure 9.3.3.1
Illustration of callosal thickness measurements. After segmenting the CC, the callosal outlines
were split into superior (top) and inferior (bottom) surfaces; subsequently a medial line was
created equidistant to these surfaces. The distances between the medial line was calculated for
callosal measurements. Finally, hemispheric differences in callosal thickness were assessed by
applying paired t-tests within the whole sample and for males and females separately.
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Figure 9.3.3.2
A: Distance map was generated using Euclidean method (ref). The generated distance map was
employed for finding the medical line. Callosal outlines were automatically divided into top and
bottom segments by choosing two terminal points of the genu, t(g), and the splenium, t(s), on the
distance map. B: The medial CC line (red) was calculated from spatially homologous surface
points representing the upper (top) and lower (bottom) callosal surface boundaries.
The dorsal parameter (top) from left to right was divided into 149 equally spaced points and d the
same for the ventral aspect (bottom). Correspondingly, numbered points were connected to obtain
149 widths.
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Figure 9.3.3.3
Diagram of midsagittal view of the corpus callosum of the human adult, showing the seven
regional subdivisions used for area measurement, numbered 1-7. The dashed lines represent the
three linear measurements. ACC and PCC indicate the anteriomost and posteriomost points of the
callosum, with ACC-PCC defined as the length of the callosum.

Table 9.3.3.1
For easy reference in the text, the seven regions were given anatomical labels as listed below
[307].
Region
1
2

Anatomical label
Rostrum
Genu

Cortical region
Caudal/orbital prefrontal, inferior premotor
Prefrontal

Point number
1-15
16-30

3

Rostral body

Premotor, supplementary motor

31-55

4

Anterior midbody

Motor

56-75

5

Posterior midbody

Somaesthetic, posterior parietal

76-95

6

Isthmus

Superior temporal, posterior parietal

96-115

7

Splenium

Occipital, inferior temporal

116-150

201

9.3.4

Statistical Analysis

In order to eliminate possible confounding effects such as age and gender on the callosal
thickness values [209, 210], paired t–test was used for the group comparison using two
age and gender-matched cohort groups. The difference between the two groups was
compared using a chi-square (χ2) test for gender and t-test for age. The level of
significance was set at threshold P < 0.05.

9.4.

Results
Age and gender are well matched between the study groups (age: t-test, P=0.88;

gender, chi-square, P=0.95). The average severity score of RLS subjects was 25.7 ± 5.8
and average disease duration was 12.6 ± 11.3 yrs. Eighteen RLS subjects were treatmentnaïve and 6 subjects being treated with dopamine agonists (Pramipexole and Rooinirole)
discontinued their medication one week prior to MRI scanning. (Table 9.4.1). The
maximum age difference within the gender- and age-matched pairs used for these
analyses was 3 yrs (mean difference ± SD; -0.4 ± 1.6 yrs). There was no difference in
GM, WM, and total brain volume (TBV) between the two groups (Table 9.4.1).
In Figure 9.4.1, The distributional pattern of callosal thickness in parasagittal
sections appear to be similar across subjects. Due to highly-symmetric distribution of the
distance values between the two lines, the developed algorithm for the measurement of
callosal thickness was reliable for the thickness measurement. The measured callosal
distance values of control subjects are consistent with published data [305, 308]. Paired ttest revealed a significant decrease in callosal thickness in RLS compared to age-gender
matched controls (t-test, P < 0.05, Table 9.4.2).
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Table 9.4.1
Demographic and clinical characteristics of RLS patients with clinical symptoms
vs. controls.

Number
Age in years
Gender (male/female)
Clinical Severity
Disease duration (yr)

RLS patients

Controls

23
56.5 ± 2.77
8 / 15
25.7 ± 1.2
12.6 ± 2.36

23
55.9 ± 13.0
7 / 16
Not applicable
Not applicable

Medication (on / off)
6 / 17
Not applicable
3
Total brain volume (mm )
1520 ± 27.5
1520 ± 30.2
Total gray matter volume
568 ± 12.4
593 ± 11.3
Total white matter volume 451 ± 9.9
449 ± 10.3
Results are means ± SEM. a: t-test. b: chi-square (χ2)

p value
0.88a
0.95b

1.00a
0.15a
0.89a
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Callosal Thickness

Figure 9.4.1
Callosal thickness map shows the distance measured from the medial line were assigned to the
corresponding points of both upper and bottom lines. Color-coded bar indicates the distance [mm]
of each line from the medal line.
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Figure 9.4.2
Statistical results showing the reduced thickness of the corpus callosum in the somatosensory
regions in RLS in comparison with control subjects (paired t-test, P < 0.05).
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Table 9.4.2
The difference of callosal thickness between control and RLS subjects (control-RLS).
Statistical significance was set at P < 0.05, paired t-test.
Upper points
C70 - R70
C71 - R71
C72 - R72
C73 - R73
C74 - R74
C75 - R75
C76 - R76
C77 - R77
C78 - R78
C79 - R79
C80 - R80
C81 - R81
C82 - R82
C83 - R83
C84 - R84
C85 - R85
C86 - R86
C87 - R87
C88 - R88
C89 - R89
C90 - R90
C91 - R91
C92 - R92
C93 - R93
C94 - R94

(Control-RLS)
(mm)
0.2
0.16
0.24
0.23
0.24
0.24
0.29
0.23
0.25
0.28
0.25
0.26
0.24
0.23
0.26
0.27
0.39
0.39
0.4
0.37
0.35
0.41
0.34
0.34
0.37

P value

Lower points

0.07
0.12
0.05
0.05
0.05
0.05
0.03
0.05
0.04
0.03
0.04
0.04
0.06
0.07
0.06
0.06
0.01
0.01
0.00
0.01
0.01
0.01
0.01
0.02
0.01

C70 - R70
C71 - R71
C72 - R72
C73 - R73
C74 - R74
C75 - R75
C76 - R76
C77 - R77
C78 - R78
C79 - R79
C80 - R80
C81 - R81
C82 - R82
C83 - R83
C84 - R84
C85 - R85
C86 - R86
C87 - R87
C88 - R88
C89 - R89
C90 - R90
C91 - R91

(Control-RLS) P value
(mm)
0.23
0.04
0.21
0.05
0.23
0.04
0.25
0.03
0.29
0.01
0.29
0.02
0.34
0.01
0.26
0.04
0.26
0.04
0.29
0.03
0.28
0.04
0.27
0.04
0.29
0.04
0.24
0.06
0.22
0.06
0.21
0.07
0.23
0.06
0.25
0.03
0.30
0.01
0.30
0.01
0.25
0.03
0.28
0.02
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9.5

Discussion

To our knowledge, this is the first study of the callosal thickness measurement in RLS.
The advantage of the new thickness method is that it allows the investigation of more
subtle differences between groups with high spatial resolution and without an a priori
bias. In addition, in relative to traditional method of callosal area measurement, our
thickness measurement technique allows us detect visualize the local morphological
change and visualize group-specific properties through color-coded profiles.
Using thickness measurement technique, we compared callosal thickness of RLS patients
and age-matched normal control subjects. In the present study, we detected a significant
between-group difference of callosal thickness, predominantly in the posterior midbody
regions corresponding to the somatosensory cortex based on Witelson labeling [307].
This finding is in good agreement with previous our reports that revealed callosal volume
reduction in the posterior midbody regions using voxel-based morphometric method.

9.5.1

Parcellation of the corpus callosum
Indeed, researchers to date have asked how callosal structure relates to callosal

function (i.e., hemispheric specialization and interaction). The relationship between CC
morphometry and hemispheric specialization has been explored by correlating the
midsagittal callosal area with performance on behavioral laterality tests [309]. These
studies have relied on partitioning schemes that obtain regions based on fractions of the
rostral-caudal CC length [307]. Thus, researchers inferred the function of callosal regions
and, in turn, the fibers within the region. For this reason, most anatomical studies of
human brains have relied on structural magnetic resonance imaging morphometry of
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midsagittal cross-section view of the CC. However, the establishment of such a
structural-functional correction is limited by the fact that there are no gross anatomical
landmarks that clearly delimit anatomically and functionally distinct callosal regions. A
few recent studies have applied diffusion tensor imaging (DTI) methods to re-evaluate
callosal topography [310-312]. These methods challenges the conventional partitioning
schemes used to divide the CC into functionally significant regions [307]. In particular,
Wahl and colleagues reexamined by combined functional MRI (fMRI) and DTI-fiber
tracking the topography of callosal motor fiber (CMF) in the human CC [311]. In contrast
to the knowledge that the CMFs traverse the human CC in its anterior midbody [307],
Wahl et al. found that CMFs cross through the posterior body and isthmus. These results
are in agreement with other previous DTI studies [312, 313], examining callosal
topography, suggesting a more posterior crossing of CMFs. These consistent reports
from DTI studies with respect to CMF localization may lead to a shift of the previously
popular segmentation schemes of the CC that were based on geometrical principles
toward a CC segmentation using individual anatomical connectivity. In this context, our
findings of a decreased callosal thickness in the midbody regions may suggest the strong
involvement of two cortical regions: motor cortex or somatosensory cortex regions.

9.5.2

Functional Relevance with Sensory-motor processes in RLS
Due to the clinical RLS symptoms such as failure to movement control of the

affected limb and unpleasant strong sensation in the legs, the dysfunction in the sensorymotor system has been suggested . The analysis of regional corpus callosum fiber
composition reveals that callosal regions connecting primary and secondary sensorimotor
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areas tend to have higher proportions of coarse-diameter, highly myelinated , and fastconducting fibers, compared to other callosal regions connecting prefrontal and
temporoparietal association areas characterized by large portions of poorly myelinated,
small caliber, and slow-conducting fibers.. Hence, the decreased callosal thickness may
be associated with fewer fibers or a decrease in the myelination of fibers connecting the
primary and somatosensory cortices.
White matter myelination may play a crucial role in supporting the brain's
functional synchrony. Fast speed of neural transmission may be especially important in
the primary motor and somatosensory cortex areas for control of body movement. The
speed of neural transmission depends on the structural properties of the connecting fibers,
including axon diameter and the thickness of the insulating myelin sheath [314]. By
increasing transmission speed, an increase in myelination could the connectivity of the
brain and facilitate the synchronous integration of information across the many spatially
segregated associative cortical regions involved in the higher sensorimotor functions.
More recently, Connor et al. reported a wide spread myelin deficit in RLS brains by
showing a decrease in myelin-specific proteins. In addition, in vivo MR imaging study
showed a global iron deficiency in the sensorimotor pathway in the RLS brains including
basal ganglia and sensorimotor cortex areas. In this context, we may suggest that
impaired iron management in RLS brain lead to myelin deficit in sensorimotor fibers,
resulting in decrease in callosal thickness in the midbody regions. Therefore, this might
affect interhemispheric communication channels that are necessary to sustain motor
control, thus contributing to symptoms of motor restlessness and uncomfortable sensation
of the legs, observed in RLS.
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Chapter 10
Summary

In this present study, we demonstrated that RLS is really involved in the decreased iron
level in the brain. In addition, the impaired iron management is strongly coupled with the
morphological alterations and metabolic changes in the sensorimotor system, which may
lead to dysfunction of sensorimotor integration that may produce RLS symptoms.
First, we developed the voxel-based relaxometry method to investigate whole
brain iron level and to compare voxel-wise local iron contents between RLS and controls.
Compared to controls, lower R2 signal values were found in the overall RLS brain
regions including subcortical gray matter regions, somatosensory motor cortices and
multiple white matter regions. From the VBR results, we speculate that the decreased R2
signals may indicate iron deficiency in RLS.
Based on the VBR findings, we further investigated the relationship of iron
deficiency of morphological changes in the gray and white matter using both voxel-based
morphometry method and callosal thickness measurement technique. Additionally, to
support in vivo imaging analysis, we also performed autopsy analysis of RLS brain
tissues for the investigation of the expression of myelin-specific proteins. As we expected,
the myelin-specific protein levels was significantly decreased in RLS brains compared to
controls, which support the evidence of pathology of iron deficiency. Interestingly, both
VBM analysis and callosal thickness measurement confirmed the autopsy findings by
demonstrating that a significant volume reduction and decrease in the callosal thickness
in the brain regions such as corpus callosum and sensory-motor cortex areas. Combined
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with autopsy and in vivo imaging analysis, we therefore may conclude that the lower
level of iron could contribute to the brain structural changes by decreasing myelin
contents in the white matter fibers, thus resulting in the decrease in volume in RLS.
Finally, we applied in vivo proton MRS technique for the investigation of
neurochemical profiles in RLS brains. The increase in metabolite concentrations was
observed in RLS putamen region compared to controls, which are consistent with
previous report of iron deficiency animal model. Most interestingly, these altered
metabolites are known to be associated with iron management and neurotransmission.
Therefore, in vivo MRS findings may suggest that the failure to iron management leads to
alterations of iron-specific metabolite concentrations as well as neurotransmitters.
In summary, the multimodality imaging approach in this study is able to support
the main hypothesis of pathology of iron deficiency in RLS. Unlike inconsistent reports
from previous neuroimaging studies of RLS, we successfully provided the concordant
evidence that reveals a strong relationship between iron deficiency and hypomyelination,
using the same study cohorts. Therefore, the imaging biomarkers acquired from the
multimodality data can be clinically useful for predictive and diagnostic purpose of RLS.
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Figure 10. Flow diagram showing summary of our current RLS research
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Chapter 11
Future Work
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11.1

Diffusion Tensor Imaging
Diffusion magnetic resonance imaging is has become one of the most popular

MRI techniques in the examination of the central nervous system. Diffusion-tensor
imaging offer a glimpse into brain microstructure at a scale that is not easily accessible
with other modalities, in some cases improving the detection and characterization of
white matter abnormalities by measuring the magnitude and directionality of water
diffusion in tissue [315]. Water molecules‘ motion or diffusion was found to be much
faster along the white matter fibers than perpendicular to them. The difference between
these two motions (parallel and perpendicular to the fibers) is the basis of DTI. It takes
diffusion measurements in multiple directions and, using tensor decomposition, extracts
the diffusivities parallel and perpendicular to the fibers (termed principal diffusivities, λ||
and λ⊥) [316]. These diffusivities are used for calculation of summation indices, such as
the fractional anisotropy (FA). FA became the most widely used DTI-based index in
brain research. In white matter, the anisotropy is high, reflecting fast diffusivity along
the fibers and slow diffusivity perpendicular to them [317]; in gray matter and CSF, the
anisotropy approaches zero as the diffusivity is similar in all directions.

11.1.1 Demyelination and Axonal Degradation
Myelin is unique to white matter and is therefore believed to be one of the main
effectors of the DTI signal. Anisotropy measures do indeed change significantly when
myelin is damaged or absent (either in a demyelinating disease such as multiple sclerosis
or in a premyelination condition at different stages of neuronal development) [318-320].
In all these diseases and conditions, the absence of myelin paralleled reduced diffusion

214

anisotropy. The water diffusivities perpendicular to the axonal fibers, λ2 and λ3, are
averaged and referred to as the radial diffusivity.
Mean diffusivity: MD = < 𝐷 > = (λ1 + λ2 + λ3 )/3
Axial diffusivity:

λ|| =λ1

Radial diffusivity: λ⊥= (λ2 + λ3)/2
Relative diffusivity: RA =

λ1 −< 𝐷 >

Fractional Anisotropy: FA =

2

+ λ2 −< 𝐷 >

2

+ λ3 −< 𝐷 >

2

+ λ2 − λ 3

2

3 <𝐷>
λ1 − λ2

2

+ λ1 − λ3

2

2(λ1 2 + λ2 2 + λ3 2 )

The FA index is the most widely used parameter of DTI for representing the
motional anisotropy of water molecules, being sensitive to the presence and integrity of
white matter fibers. It has long been known that myelin is not required for the existence
of anisotropy in water diffusion in nerves [321]. However, it has been demonstrated in
animal models that loss of myelin results in an increase in radial diffusivity (λ⊥) [322,
323]. In this study, shiverer and control mice were examined using in vivo DTI to
establish a correlation between the underlying pathology and directional diffusivities (λ⊥
and λ||). It is demonstrated that dysmyelination of shiverer mouse brain white matter
results in significant elevation of λ⊥ while it has no impact on λ||. It has been shown that
the shiverer mouse lacks CNS myelin but has no prominent axonal injury or
inflammation.
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Figure 11.1.1
Top, Fiber tracts have an arbitrary orientation with respect to scanner geometry (x,y,z) and
impose directional dependence (anisotropy) on diffusion measurements. The eigenvectors E
represent the major, medium and minor principle axes of the ellipsoid, and the eigenvalues
represent the diffusivities in these three directions, respectively.
Bottom, A simplistic schematic of the longitudinal view of a myelinated axon. Myelin, the axonal
membrane, microtubules, and neurofilaments are all longitudinally oriented structures that could
hinder water diffusion perpendicular to the length of the axon and cause the perpendicular
diffusion coefficient, D(┴) to be smaller than the parallel diffusion coefficient, D||.
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11.1.2 Preliminary DTI Data of RLS
Introduction:
As discussed before, radial diffusivity appears to be a sensitive index to the
detection of change in the myelin integrity. Since our previous work revealed an evidence
of hypomyelination in white matter structure due to iron deficiency, we hypothesized that
that the water diffusion perpendicular to the myelin sheaths (radial diffusivity, λ⊥) can be
maximized in RLS patients compared to control subjects. Impaired iron availability for
myelin production in white matter fiber tract may cause the alterations in the integrity of
myelin sheath.
Method:
To test this hypothesis, we studied six RLS patients (54.1±19.3 yrs) and six agematched control subjects (54.4±14.5 yrs) for DTI study on 3.0T. The DTI images were
acquired with single-shot spin-echo EPI, SENSE factor 2.5 and 32 diffusion gradient
directions with b value=1000s/mm2. Radical diffusivity maps, factional anisotropy (FA)
maps were calculated from DTI data set after eddy current correction using FSL. Two
Results:
As we expected, the radial diffusivity, λ⊥, was higher in the sensorimotor areas in RLS
patients vs. controls. On the other hand, the FA values was decreased in the same areas in
RLS compared to controls (t-test, P<0.01, uncorrected)
Conclusion:
Although we investigated the small sample size, increased radical diffusivity and
decreased FA values in the sensorimotor areas may still support the hypothesis of
pathology of hypomyelination due to iron deficiency.
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Figure 11.1.2
DTI analysis. Increased radical diffusivity (top) and decreased FA values (bottom) were found in
the sensorimotor areas in RLS. ANOVA, P < 0.01 uncorrected.
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11.2

Measurement of Myelin T2 Signal
The ability to measure myelin in vivo is important to understand normal

development of the nervous system, as well as for the characterization of a wide variety
of neurological disorder like RLS. Until fairly recently, our knowledge of myelin
development and pathology was limited to that acquired from postmortem studies.
Unfortunately, there is still no MR technique capable of imaging nonaqueous protons in
myelin bilayer explicitly; this is because: 1) the signal decays to zero in a few tens of
microseconds, and 2) the MR signal from lipids and proteins in myelin is
indistinguishable from that arising from protons on other nonaqueous constituents of
CNS tissue [324]. However, a number of MR techniques are available that attempt to
study myelin by indirect methods.
One of the MR techniques is the separation of T2 relaxation components.
Multi-echo T2 relaxation in CNs tissue have revealed the existence of at least two
distinguishable water environments [325]; a short T2 component from water trapped in
the myelin sheath (~20 ms), intermediate T2 component (~100 ms) arising from
intracellular and extracellular water (~100 ms), and long T2 component (~2s) from CSF. .
The signal from the myelin water can be separated, leading to an indirect measure of
myelin, the myelin water fraction (MWF). Figure 13.2 shows a typical T2 decay and
corresponding T2 distribution from human WM.
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Figure 11.2
(A) T2 decay curve using 32 multi echoes and (B) T2 distribution from human white matter. Inset
in (B) shows a cross-section through an axon with the locations of intra/extracellular water and
myelin water [3].

11.2.1 T2 Data Acquisition and T2 Curve Analysis
The most common approach is to collect multiple echoes in a single MR sequence.
Many investigators have used the Poon-Henkelamn multiple echo sequence that uses
rectangular composite 180 pulses flanked by crushers of decreasing amplitude and
alternating sign. Although this sequence is proven to yield robust T2 decay curve, it
suffers from the disadvantage of being a single-slice technique. Recently, fast novel
acquisition technique that can save has been introduced [326].
T2 relaxation decay curves, which were assumed to be multi-exponential in nature,
were decomposed into an unspecified number of exponentials. A general equation that
can be used to describe the measured multi-exponential relaxation signal, yi is [327]:
M

yi =

Sj exp −
j=1

ti
, i = 1,2,3 … , N
T2j
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where t i are the measurement times, M=120 logarithmically spaced T2 times within the
range of 15ms to 2 s, N is the total number of data points and Sj are the relative
amplitudes for each partitioned T2 time. The plot of Sj vs T2 is known as the T2
distribution. A non-negative least squares (NNLS) algorithm was used to minimize both
the degree of misfit, χ2, and an energy constraint that smoothes the T2 distribution,
providing more robust fits in the presence of noise. The following expression was
minimized:
M

χ2 + μ

S2 j , μ ≥ 0
j=1

The larger the μ parameter, the more the routine smoothes the T2 distribution at the cost
of misfit. For the case of μ=0, χ2min would result and the T2 distribution would consist of
discrete spikes. Regularized smooth T2 distributions were created by minimizing the
above expression with the energy constraint of 1.02 χ2min ≤ χ2 ≤ 1.025 χ2min .
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11.2.2 Preliminary Data of T2 Measurement of Myelin
Method:
We studied a normal healthy subject (36 yrs, male) for the measurement of myelin T2
signal. Multi-echo spin echo (SE) images (echo spacing of 10ms, TR=3 sec, matrix = 256
 128, FOV = 24cm, 4 average, and 5-mm thick slice) were acquired with 32 echoes on
3.0T Siemens system with eight channel receiver head coil. The signal intensity decay
curve from the multiecho images were fit with a regularized NNLS algorithm using
AnalyzeNNLS [328].

Results:
In the figure 13.2.2, we observed multiple T2 signals from the corpus callosum: major
component with short T2 between 10 and 25ms due to water compartmentalized in
myelin membrane, and another component with T2 between 70ms and 95ms, and
CSF with T2 of 1s. In contrast to the corpus callosum, putamen regions showed major
signal was found in the component with T2 70 ms.

Discussion:
In this study, we successfully delineated the three components of T2 signals. Myelinwater signal was shortest and its signal intensity was the highest in the corpus callosum in
which white myelin concentration is relatively higher than any other brain regions. Using
this technique, further investigation of myelin T2 signal in RLS is necessary to support
the hypothesis of hypomyelination.
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Figure 11.2.2
T2 signal decay curves in the corpus callosum (top) and putamen (bottom). The signal intensity of
corpus callosum was higher than that of putamen, suggesting a higher myelin water contents in
the corpus callosum. CSF T2 component was not observed in the putamen due to its location of
deep gray matter.
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11.3

Iron Repletion Study of RLS
In our current study, we have demonstrated that RLS brain has lower level of iron

concentration compared to age-matched control subjects. Furthermore, we have revealed
that the effect of insufficient iron level is strongly coupled with alterations in
neurochemical metabolism and brain structural changes. Our findings may raise an
interesting question of "if the lower iron level in RLS can be recovered by the treatment
with an iron supplement". Furthermore, is it possible for iron repletion to alleviate RLS
symptom? To answer these intriguing questions, longitudinal study is necessary.
Indeed, A significant series of research studies have supported the concept that central
iron deficiency is a risk factor for RLS, but as of yet the exact mechanism through which
this risk factor works has not been elucidated. Davis et al., [329] examined the efficacy of
oral ferrous sulfate in RLS. Twenty-eight patients (19 women; mean age, 59.2 years)
with idiopathic and secondary RLS were randomly assigned to receive either ferrous
sulfate or placebo for 12 weeks. Patients continued taking prior medications. No
significant difference in any measures was seen between iron and placebo group.
O‘Keeffe et al., [46] studied 18 patients (13 women, age 70–87 years) with clinically
diagnosed RLS, and who were matched to 18 control subjects. They received a fixed dose
of oral ferrous sulfate for 8 to 20 weeks. At baseline, the serum ferritin levels of RLS
patients were reduced compared with controls (P < 0.01). RLS symptoms have been
alleviated with supplementation of a serum ferritin (45 lg/L). These two studies of oral
ferrous sulfate have somewhat different conclusions. The Davis et al. study is a wellcontrolled study that reveals that oral iron treatment of individuals with adequate body
stores is unlikely to have a therapeutic benefit, which suggests that oral iron is not an
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efficacious treatment for RLS in iron-sufficient individuals. In contrast, the O‘Keeffe et
al. study included a substantial segment of patients who were iron deficient. This study
raises the possibility that oral iron may be an effective treatment for RLS patients with
some degree of iron deficiency.

13.3.1 Preliminary Data for the Iron Repletion
Method:
MR data acquisition: In order to explore the effects of oral iron repletion on the subject
with iron deficiency, we studied 18 reproductive age women (18-35 yrs old).
All 18 women were assigned to treatment with an iron supplement (60ms Fe/day as
ferrous sulfate) for 8 months. To compare the effect of iron supplementation, multiecho
gradient echo imaging was acquired twice pre-and post-repletion using a 2D GRE
sequence (TR= 1000ms, 4 TEs = 7.5, 21.7, 35.9, 50 ms, flip angle = 60, average=4, voxel
size = 0.940.942 mm3 ).
Imaging processing: The T2 relaxation maps were generated by self-built qMRI software
package that performs a linear regression of the echo times versus the signal of each pixel
of the 14 echo images to calculate the T2* relaxation times. After generating T2* map, we
applied the voxel-based relaxometry method that was discussed in the chapter 6. For
better accuracy of registration of individual subjects, 1st echo image (TE=7.5ms) was
used for the registration into proton-density template due to the similarity of image
contrast. Subsequently, the T2* maps were co-registered and resampled to 112 mm,
followed by morphological operation for removing ventricle and CSF to remove partial
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volume effects from the CSF signals. Finally, the transformed T2* maps were smoothed
with a Gaussian kernel of isotropic 8 mm FWHM [185].
Statistics: Paired t-test was performed for the investigation of difference between pre and
post-repletion. Statistical significance was given at cluster level P < 0.05, corrected for
multiple comparison.

Results:
Voxel-based relaxometry analysis revealed that there was a significant lower T2* values
in the post iron-repletion compared to pre-repletion. In particular, most of deep gray
matter regions such as basal ganglia and hippocampus that require high level of iron are
involved in T2* signal changes after iron supplementation (Figure 13.3.1).

Discussion:
From this study design, we observed the significant T2* signal changes due to the iron
supplementation. Oral ferrous sulfate was effective way to recover an insufficient iron
concentration, which was consistent with previous report [46]. Importantly, although the
mechanism of iron delivery to target brain regions is still largely unknown, our study may
support the high possibility that oral iron may be an effective treatment for RLS patients
with some degree of iron deficiency. We may need further investigation of this idea for
RLS studies.
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Figure 11.3.1
VBR analysis for statistical comparison of T2* values between pre-and post-repletion of oral
ferrous sulfate. Significant decrease in T2*values in the bilateral hippocampus (A), left globus
pallidus (B), right putamen/left thalamus (C), and right substantia nigra (D) after iron supplement.
Statistical significance was set at uncorrected P <0.005 with extent threshold 20 voxels. Color bar
indicates a T-score and results was displayed on the T1 template
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