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Application of Diffusion Tensor Imaging to Brain Gray and
White Ma er

A

In the present work we explore the gray and white ma er applicability of diffusion tensor

imaging (DTI). To evaluate effect of ferritin-bound iron on gray ma er contrast in DTI, we

created an in vitromodel consisting of agarose gel phantoms doped with ferritin, and validated

our results in vivo on healthy volunteer subjects – years of age in the basal ganglia. We

further explored the application of DTI to amyotrophic lateral sclerosis (ALS) and multiple

system atrophy (MSA); neurodegenerative diseases with gray and white ma er

pathophysiological components. In the ALS study, patients and age- and sex-matched

controls were recruited, while the MSA study included probable MSA subjects ( MSA-P,

MSA-C) and age- and sex-matched controls.

We found that ferritin-bound iron may make a signi cant contribution to DTI scalars in gray

ma er regions of the brain, mediated by eigenvalue repulsion. is has important implications

for DTI studies targeting gray ma er regions, especially in adolescence and in diseases

associated with altered brain-iron load. In ALS, we found altered diffusion in the corona radiata

and callosal body, and changes in R in the caudate nucleus and frontal white ma er. In MSA,

we observed widespread white ma er changes associated with a positive clinical history of

cerebellar manifestations, while altered DTI metrics in the putamen were associated with a

positive clinical history of parkinsonian manifestations. e diagnostic potential of MRI in

MSAmay be greatly extended by applying DTI and evaluating changes primarily in the

putamen and middle cerebellar peduncle, reaching very high sensitivities and

speci cities.

Keywords: magnetic resonance imaging, diffusion-weighted imaging, diffusion tensor imaging,

multiple system atrophy, amyotrophic lateral sclerosis
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Aplikace zobrazení difuzního tenzoru na mozkovou šedou a
bílou hmotu

A

V předložené práci zkoumáme použití zobrazení difuzního tenzoru (DTI) v mozkové šedé a

bílé hmotě. K zhodnocení efektu superparamagnetického či antiferomagnetického železa na

DTI kontrast v šedé hmotě jsme vytvořili in vitro model sestávající se z fantomu, vyplněného

agarovým gelem s feritinem. Naše výsledky jsme poté zhodnotili na zdravých

dobrovolnících ( - let věku), a to v oblasti bazálních ganglií. Dále jsme zkoumali aplikace

DTI u amyotro cké laterální sklerózy (ALS) a mnohočetné systémové atro e (MSA),

neurodegenerativních chorob, postihujících šedou i bílou hmotu mozkovou. V ALS studii

pacientů a zdravých dobrovolníků srovnatelných pohlavím i věkem bylo vyšetřeno, zatímco

uMSA bylo zahrnuto pacientů s diagnózou pravědpodobnéMSA ( s MSA-P a

s MSA-C) spolu s  zdravými dobrovolníky, srovnatelnými pohlavím a věkem.

Zjistili jsme, že železo vázané ve ferritnu signi kantně ovlivňuje skalární veličiny DTI v šedé

hmotě mozkové. Tento poznatek má důležitý význam pro DTI studie, zaměřené na oblasti šedé

hmoty, a to zvláště u adolescentů a u osob trpícími nemocemi se změnami ukládání železa, jako

například Huntingtonova choroba či MSA. U ALS jsme nalezli změněnou difuzi v oblasti

corona radiata a těla corporis callosi, a to spolu se změnami v R v caput ncl. caudati a ve

frontální bílé hmotě. UMSA jsme pozorovali rozsáhlé změny v bílé hmotě spojené

s pozitivním klinickým obrazemmozečkové manifestace, zatímco změněné DTI hodnoty

v putamen byly propojeny s pozitivním obrazem parkinsonské manifestace. Diagnostický

potenciál magnetické rezonance uMSAmůže být významně rozšířen aplikací DTI a

sledováním změn zvláště v putamen a středním cerebellárním pedunculu, kde tyto změny

dosahují vysoké senzitivity a speci city.

Klíčová slova: difúze, DTI, MSA, ALS, železo, šedá hmota, bílá hmota
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e journey of a thousandmilesmust beginwith a single step.

Lao Tzu

1
Introdu ion

M (MRI) has become an invaluable tool in
clinical and research medicine. e emergence and rapid development of MRI in
recent years has made it competitive with, and in many cases preferable to, many
existing invasive and non-invasive imaging technologies. Primarily a
neuroradiological tool when rst applied clinically, MRI has quickly become the
imaging method of choice in many elds, with approximately million MRI
scans currently performed worldwide every year [ ]. In general, MRI can be
applied in the examination of almost all organs and systems. MRI is non-invasive,
and since the electromagnetic energy applied in MRI is relatively weak, it carries
no radiation burden. erefore, a er almost thirty years of the clinical use, MRI
is considered a safe technique.



H

Although the history of clinical MR imaging is relatively brief, there is a long
evolutionary road leading to where we are today. Isidor Rabi is credited with the
rst observations of nuclear magnetic resonance (NMR), and was awarded the

Nobel prize in physics in for his development of the atomic and molecular
beam magnetic resonance method of observing atomic spectra [ ]. Rabi was
an Austrian native that worked in the Department of Physics at Columbia
University in New York, where he studied the magnetic properties of crystals and
atomic nuclei. He succeeded in advancing earlier work by Gerlach and Stern
[ ], applying electromagnetic oscillations in a magnetic eld to determine the
magnetic moments of atomic nuclei [ ]. Rabi credited C.J. Gorter, a dutch
contemporary that visited his lab in , as providing methodological insight
that allowed him to measure the nuclear magnetic moment. e term nuclear
magnetic resonance is a ributed to Rabi, and was publicly introduced in by
C.J. Gorter [ ].

e rst successful NMR experiments were carried out in by two scientists
working independently; Edward Purcell, working at Harvard University, and
Felix Bloch, at Stanford University. ey observed that when certain nuclei were
placed in a magnetic eld they absorbed energy in the electromagnetic spectrum
and re-emi ed this energy when the nuclei returned to their original state
[ , ]. e magnitude of the magnetic eld and the radiofrequency were
related according to the Larmor relationship (see Equation . , where ω is
precessional frequency (sometimes termed the Larmor frequency), γ is
gyromagnetic ratio (a constant for a given nucleus), and B is the magnitude of
the magnetic eld). e Larmor relationship is important as it relates the
frequency at which a nucleus will absorb energy, forming the basis of NMR.
Purcell and Bloch shared the Nobel Prize in Physics in for their discovery.

ω = γB ( . )

e application of NMR for many years was focused on the analysis of o en



microscopic, non-biological samples by small-bore magnets. NMR
spectrometers at this time could provide certain information on the chemical
characteristics of a sample, but no spatial information was available. Although
imaging was not yet possible, some investigators recognized the potential for
NMR in application to biology and medicine. In , Erik Odeblad and Gunnar
Lindström from Stockholm published the rst description of relaxation-time
differences in human tissue [ ]. is was the rst work to show that different
tissues have differing relaxation times related to water content and chemical
composition. In the following years a number other researchers began to
examine biological samples. In , C.B. Bra on reported in vivoT - and
T -measurements of frog skeletal muscle [ ] and in , Jackson and Langham
published the rst NMR results obtained from a whole living animal [ ]. e
relaxation characteristics of human tissue was also explored further, rst in
skeletal muscle [ , , ] and brain tissue [ ].

In the early ’s a great deal of interest arose in applying NMR to the
characterization of pathological tissue. Raymond Damadian is probably the most
well-known researcher of the this era that was focused on clinical applications of
NMR. Damadian’s group at Downstate Medical Center in Brooklyn investigated
ex-vivo relaxation times of healthy and malignant rat tissue, and reported longer
relaxation times in malignant tissue than in healthy tissue [ ]. Although
Damadian’s ndings generated a lot of interest in NMR, they were not
reproducible by other scientists [ ] and eventually came to be regarded as
provocative, but of li le scienti c merit. Nevertheless, Damadian received a
patent for his device in , and has vigorously fought throughout his career to
be recognized as the founder of MRI.

Magnetic resonance imaging was born in , when Paul C. Lauterbur of the
State University of New York at Stony Brook conceived of applying magnetic
eld gradients in all three dimensions to create NMR images. Two years later,

Lauterbur published the rst images of two tubes of water in the journal Nature
[ ] (famously, Nature initially the article because they didn’t feel it would be of
sufficient interest). Lauterbur called his imaging method zeugmatography, a term
supplanted by NMR imaging and eventually MRI (the word “nuclear” was



eventually removed as it could suggest the presence of ionizing radiation to the
uninformed). His discovery led the way from one-dimensional spectroscopic
imaging to the multi-dimensional MR imaging used today. Concurrent to this
work, Sir Peter Mans eld at the Department of Physics at the University of
No ingham independently considered the application of spatially-encoding
gradients to allow MR imaging, and provided the mathematical basis for echo
planar imaging. In a le er to the editor in , Mans eld and Peter K. Grannell
described the use of magnetic eld gradients to acquire spatial information in
NMR experiments [ ]. For their contributions, Lauterbur and Mans eld were
jointly awarded the Nobel Prize in Physiology or Medicine.

Following the initial development of MRI, a urry of activity in human imaging
ensued. In , Mans eld and Andrew A. Maudsley proposed a line technique
which, in , led to the rst image of in vivo human anatomy, a cross section
through a nger. In , Waldo Hinshaw, Paul Bo omley, and Neil Holland
successfully produced an image of a wrist [ ], and Damadian et al. published a
cross section of a human chest [ ]. e rst transverse MR images through a
human head were presented in by Hugh Clow and Ian R. Young, working at
the British company EMI, and two years later, William Moore and colleagues
presented the rst coronal and sagi al images through a human head.

P

An MRI system works by applying three cooperating magnetic elds to induce
and detect subtle changes in the imaging subject: a static magnetic eld, gradient
magnetic elds, and radio frequency (RF) elds. e static magnetic eld (B ) of
an MRI system remains constant and is present at all times, even when no
examination is taking place. e magnetic ux density of this eld is denoted in
Tesla (T; T = , gauss), with most clinical scanners presently in use being
. T or T (as a comparison, the magnetic ux density of the earth is

approximately μT, or . gauss). e source of this eld is a coil, made of a
speci c alloy that when cooled to a temperature close to absolute zero loses



nearly all electrical resistance. is condition is called superconductivity, and it
enables the static magnetic eld to remain on at all times, without the
requirement of an external electric current. Another advantage of
superconductive coils is their ability to provide a very homogeneous eld, which
is necessary for MR imaging.

Magnetic resonance imaging is proton imaging. Hydrogen nuclei (protons) in
different local magnetic environments and conditions are imaged. Protons posses
a quantum property termed spin, which is the total angular momentum of its
constituent parts, as well as a magnetic dipole moment. When a subject is placed
in the B eld, the protons (synonymously termed “spins” in MR literature)
a empt to align with the B eld to minimize free energy. However, the protons
are not able to align completely due to quantum forces, and experience torque
which results in the precession of their magnetic dipole moments. e usual
analogy to help visualize precession is the wobble of a spinning top. e
frequency of precession is proportional to the magnetic eld magnitude as stated
by the Larmor relationship (see Equation . ), and is sometimes termed Larmor
precession.

Magnet eld gradients are provided by the three paired, orthogonal gradient
coils, being superimposed on the static (B ) eld. e gradients are applied in
short pulses and vary in amplitude, time and direction, allowing slice selection,
frequency encoding, and phase encoding. Two critical properties of gradient
coils that affect image quality and have important safety implications are the
gradient strength and the gradient slew rate. Gradient strength (amplitude) is the
change in eld strength per unit distance, and is given in mT/m. e gradient
slew rate is the rate of ascent or descent of a gradient from zero to its maximum
amplitude, and is given in mT/m/msec, or more o en in T/m/s.

Radio frequency (RF) pulses are used to excite the protons so that meaningful
data can be captured and used for imaging. An RF pulse is a magnetic eld
oscillating at the Larmor frequency. RF pulses are used to change the spin state of
protons precessing at the same frequency by the process termed resonance. e
result of this process is a change in energy state of the proton in the same



Figure 1.1: Decrease in longitudinal magnetization and concurrent de-
velopment of transversal magnetization.

direction as the B eld (a decrease in longitudinal magnetization), and the
development of precessional phase coherence (development of transversal
magnetization; see Figure . ). Precessional phase coherence results in a vector
of magnetization transverse to the B eld that, in the absence of phase
coherence, is canceled out. Since this vector is not in the same plane as the B
eld, it is not obscured by the B eld and can be detected.

e protons quickly return to a lower energy state a er cessation of the RF pulse
in a process called relaxation. Transversal relaxation (spin-spin relaxation, T
relaxation) results from the loss of precessional phase coherence (dephasing) as
protons exchange energy with nearby nuclei. e efficiency by which this occurs
is dependent on the local environment, and its interval (T relaxation time, a
constant) may be used to create a unique contrast in MR imaging (T -weighted
images). Longitudinal relaxation (spin-la ice relaxation, T relaxation) is the
return of net magnetization to equilibrium along the z-axis (in the same plane as
the B eld). e efficiency of longitudinal relaxation is also dependent on the
local environment, and its interval (T relaxation time, a constant) may also be
used to create a unique contrast (T -weighted images). Spin-la ice relaxation
results in the transfer of thermal energy to the surrounding environment, and is
the basis for an important safety consideration, the speci c absorption rate
(SAR).

MR imaging is remarkable in that it can deliver images with superb so tissue
contrast while exposing the patient to very li le risk. In contrast to the stochastic
effects of ionizing radiation used in many radiological modalities, e.g., X-ray or



computerized tomography (CT) examinations, the effects of the magnetic elds
used in MR systems on biological tissues follow a deterministic model, related to
the transfer of thermal energy to tissues due to spin-la ice relaxation. erefore,
the magnitude of the effect is dependent on parameters related to exposure and
can be predicted, allowing the establishment of appropriate safety thresholds.
SAR is de ned as the RF power absorbed per unit mass of an object, measured in
wa s per kilogram. SAR is dependent on many factors, some of the more salient
being the B eld magnitude, gradient eld characteristics, RF power,
characteristics of the pulse sequences employed during the examination,
characteristics of the transmi er-coil, and patient mass. In controlling the SAR
during an MRI examination, undesirable thermal effects can be minimized and
maintained within a safe level.

e response of ma er to an applied external eld is described by magnetic
susceptibility (χ). In the context of MR imaging materials are generally classi ed
as diamagnetic, paramagnetic, superparamagnetic or ferromagnetic.
Diamagnetism is present in all materials and is the weakest property of the those
listed. When other types of magnetism are not present, diamagnetism is the
dominant property and the material is said to be diamagnetic. e electrons in
these materials are covalently bound and balanced in magnetic moment. In the
presence of an external magnetic eld, the orbital motion of electrons is altered,
inducing a magnetic eld that opposes the applied eld. Most biological tissues
are diamagnetic. In paramagnetic materials, the magnetic moments of electrons
do not balance completely and individual atoms have a permanent dipole
moment. In the absence of an external magnetic eld, the dipoles do not interact
and are randomly orientated, resulting in zero net moment. However, in the
presence of an external magnetic eld the dipoles align and produce a eld in the
same direction as the B eld. Examples of paramagnetic materials include
gadolinium, deoxyhemoglobin and methemoglobin. Paramagnetism is stronger
than diamagnetism, and when present in a material it overpowers its inherent
diamagnetic properties. Superparamagnetism is intermediate between
paramagnetism and ferromagnetism, and is present when the material consists of
small crystallites ( – nm). Superparamagnetic materials behave similar to



those that are paramagnetic, however, in the presence of an external magnetic
eld the magnetic moment of the entire crystallite tends to align with the external
eld (as opposed to the alignment of individual atoms in paramagnetic

materials). Examples of superparamagnetic materials include iron oxide particles,
ferritin and hemosiderin. Finally, ferromagnetic materials have domains in which
the magnetic moments of unpaired electrons align parallel to each other. e
domains are arranged in random orientations, but in the presence of an external
eld the domains become aligned and the material is said to be magnetized. In

ferromagnetic materials, all magnetic ions make a positive contribution to net
magnetization (compare to ferrimagnetic, where some ions subtract from net
magnetization, and antiferromagnetic, where ions anti-align resulting in zero net
magnetization). Ferromagnetism is several orders of magnitude stronger than
paramagnetism. Iron, cobalt and nickel are typical ferromagnetic materials.

P

Diffusion is a naturally-occurring process that involves the mass transport or
mixing of ma er without the requirement of bulk motion. Diffusion may be
explained by Fick’s rst law [ ] (see Equation . , where J is the net diffusion
ux,D is the diffusion coefficient,∇ is the gradient operator, and φ is the particle

concentration), which states that particles in a medium diffuse along a
concentration gradient from more populated to less populated zones, i.e., toward
dispersion equilibrium.

J = −D∇φ ( . )

In , Robert Brown published the rst (indirect) observations of diffusion
[ ], as he observed by simple light microscopy the seemingly animate motion of
pollen granules suspended in solution. Nearly one-hundred years later, Brown’s
observations were explained by Einstein [ ], who reconciled them with the
diffusion principles outlined by Fick. Einstein realized that the motion of pollen
granules observed by Brown were due to the underlying thermokinetic energy of
water molecules in the solution. is motion of particles due to the random



bombardment of molecules in the surrounding medium is now termed Brownian
motion. To explain Brownian motion, Einstein introduced the concept of a
displacement distribution, quantifying the fraction of particles that will traverse a
certain distance within a particular interval (see Equation . , where X is the
mean-squared displacement,D is the diffusion coefficient and t is the diffusion
time). us, Brownian displacement of a particle is proportional to the square
root of the diffusion time.

X = Dt ( . )

Erwin Hahn rst proposed that MRI may be sensitive to diffusion in [ ].
Hahn explained T signal a enuation in his original experiment by the loss of
phase coherence of spins in an inhomogeneous environment. He suggested that
if the external magnetic eld were spatially dependent, then molecular diffusion
would be apparent. Hahn employed two ° RF pulses to obtain spin echoes,
which was later improved upon by Carr and Purcell [ ], who proposed the use
of a ° RF pulse followed by a train of ° RF pulse echoes. However, in the
presence of RF imperfections not all spins experience a perfect ° pulse and
the spins rapidly dephase. is technical problem was overcome by Meiboom
and Gill a few years later [ ], by applying the ° pulses with phases shi ed in
quadrature with respect to the initial ° RF pulse (the Meiboom-Gill phase
condition). is is now known as the Carr-Purcell-Meiboom-Gill (CPMG)
sequence. Carr and Purcell further proposed the application of a magnetic eld
gradient for the purpose of measuring molecular diffusion [ ]. ey realized
that spins subjected to a magnetic eld gradient acquire location-dependent
phase, with stronger gradients allowing greater phase differences across a sample
and, therefore, greater sensitivity to diffusion. us, MR signal within the
framework proposed by Carr and Purcell is related to molecular diffusion, as the
net phase shi of spins is related to the net displacement of spins within the
gradient eld.

Further advance in diffusion imaging was made by Stejskal and Tanner in
[ ], when they introduced the pulsed gradient spin-echo (PGSE) sequence.

is concept replaced the constant eld gradient introduced by Carr and Purcell



with strong, symmetrically-placed pulsed gradient lobes on either side of the °
refocusing pulse. is approach overcame the problems related to increased
bandwidth and slice-selection inherent in with use of a constant eld gradient.
Like the constant eld approach employed by Carr and Purcell, the gradient
lobes enhance spin dephasing and therefore signal a enuation, being related the
gradient amplitude, duration of gradient lobe application and their temporal
separation. Taken together, these factors determine the degree of diffusion
weighting, which is commonly referred to as the b-factor, and for PGSE
sequences is given by the Stejskal-Tanner expression (see Equation . , where γ
is the gyromagnetic ratio,G is the amplitude of the magnetic eld gradient
pulses, δ is the duration they are applied, Δ is their temporal separation).

b = γ G δ
[
Δ − δ

]
( . )

Another critical advancement in the development of diffusion imaging was the
advent of echo planar imaging (EPI), rst proposed by Sir Peter Mans eld in

[ , ]. Although limited to the laboratory se ing at the time due to
technological limitations, EPI promised the ability to acquire images hundreds of
times faster than contemporary techniques. EPI has become ubiquitous in
clinical and research MR imaging, being a key component of not only DWI, but
also other imaging techniques such as functional MRI and dynamic susceptibility
contrast MRI. EPI employs a series of bipolar readout gradients to generate a
train of gradient echoes, being essentially an add-on to existing sequences. For
example, the application of EPI to a gradient-echo sequence results in a
gradient-echo EPI (GE-EPI) sequence, whereas application to a spin-echo
sequence results in a spin-echo EPI (SE-EPI) sequence. SE-EPI remains the
most commonly employed sequence in diffusion imaging. Typically the entirety
of k-space is sampled by the gradient echo train under a single spin echo, termed
single-shot SE-EPI (SSSE-EPI). Although EPI sequences have a number of
unique advantages, they are also prone to a variety of artifacts. Typically these
artifacts, such as ghosting, chemical shi artifacts or susceptibility artifacts, are
greatest in the phase-encode direction [ ], as the effective bandwidth in the



read-encode direction is greater by a factor equal to the number of phase-encode
lines [ ]. It is for this reason that EPI sequences in the brain are acquired with
an anterior-posterior phase-encode direction, so that any artifacts that arise will
be balanced on the le and right sides of the brain, thereby limiting the
introduction any an artifactual differences in laterality.

In applying diffusion imaging to biological tissue, we seek to gain an
understanding of the morphology or function of the target. e apparent
diffusion coefficient (ADC) is one useful measure that can be calculated from
diffusion-weighted imaging data. As stated by the Einstein equation (see
Equation . ), we know that the diffusion coefficient in an isotropic (Gaussian
diffusion pro le) medium varies with the mean square of the displacement. In
diffusion imaging we may infer the diffusion coefficient from our measurement of
net displacement in an interval. However, biological tissue never exhibits a truly
Gaussian diffusion pro le, as there are a number of obstacles to the free diffusion
of water such as macromolecules and cell membranes. erefore, the calculated
mean squared displacement will always appear to be somewhat lower than the
diffusion coefficient expected in an isotropic medium, hence the term the
apparent diffusion coefficient [ ]. To calculate the ADC, one needs only two
data sets that differ by a known b-factor (see Equation . , where I is signal
intensity measured at a lower b-value, I is signal intensity measured at a higher
b-value, and ADC is the apparent diffusion coefficient).

I
I

= exp (−b.ADC) ( . )

Diffusion-weighted imaging (DWI) was enthusiastically embraced in the
neuroimaging community, as even subtle changes in the micro-environment of
the imaging target may affect net diffusion. DWI thus provided a unique imaging
contrast that was complementary to tradition imaging sequences. One of the rst
(and still most common applications) of DWI in clinical imaging was in the
evaluation of acute ischemia. It was observed that in the early stages of ischemia,
restricted diffusion could be detected while conventional images were still
negative [ ]. is manifests as decreased signal a enuation on DW images, and



therefore hypointensity on ADC maps. At the same, some investigators noted
that the observed ADC in brain white ma er appeared to be dependent on the
direction in which it is was measured [ , ]. ese observations re ected the
application of a limited number of gradient encoding directions to a
highly-ordered tissue compartment. For example, in larger white ma er tracts
such as in the corpus callosum, the orientation of the ber bundles is uniform
across the voxel and we may expect that diffusion in this voxel will be highly
anisotropic, i.e., diffusion will be greatest in directions parallel to the ber
bundles, and lowest antiparallel. We may assume then that if our
diffusion-sensitizing gradient is applied parallel to the orientation of the bers,
we will observe greater diffusion, with the opposite being true in applying the
diffusion-sensitizing gradient in more perpendicular directions. erefore, the
ADC is insufficient in characterizing diffusion characteristics in the more ordered
regions of the brain.

Diffusion tensor imaging (DTI) is the next more complex model available to
characterize Gaussian diffusion. e diffusion tensor is a x covariance matrix
that characterizes net displacement in three dimensions, with diagonal elements
corresponding to the diffusivities along three orthogonal axes (see Equation . )
[ ]. As the matrix is symmetric, there are only six unknown elements.

erefore, a minimum of six diffusion-weighted images (and additionally one
without diffusion weighting) are required to estimate the tensor. e unknown
elements are estimated from a series of diffusion-weighted images acquired with
diffusion-sensitizing gradients applied in non-collinear and non-coplanar
directions [ , ]. e three eigenvalues of the diffusion tensor (λ , λ and λ )
correspond to the three diffusivities along the principal axes of the diffusion
tensor. e orientation of the principal axes is given by the three orthogonal
eigenvectors (ε , ε and ε ).

D =

Dxx Dxy Dxz

Dxy Dyy Dyz

Dxz Dyz Dzz

 ( . )



A number of metrics may be derived from the diffusion tensor, and have found
wide application in clinical and research imaging. e trace of the tensor (see
Equation . ) is the sum of the three eigenvalues while the mean diffusivity
(MD) is their mean (see Equation . ). Additional anisotropy indices may be
derived from the diffusion tensor, having the advantage of rotational invariance
[ ]. Fractional anisotropy (FA) is the most common of these indices, which
represents the fraction of the tensor that can be assigned to anisotropic diffusion.
FA is the variance of the eigenvalues about their mean, with a scaling factor
applied to maintain values approximately between and (see Equation
. ).

trace = Dxx + Dyy + Dzz ( . )

MD =
Dxx + Dyy + Dzz ( . )

FA =

√ √
(λ −MD) + (λ −MD) + (λ −MD)√

λ + λ + λ
( . )

FA and MD are probably the most commonly assessed DTI metrics in clinical
and research se ings. Although they are sensitive in detecting alterations in
diffusion characteristics, they do not have any speci c histopathological correlate.
Radial diffusivity (RD) and axial diffusivity (AD) may be derived from the
diffusion tensor, and have been shown to correspond to myelin and axonal
integrity, respectively [ , , ]. While AD is simply the primary eigenvalue
(λ ), RD is the mean of the second and third eigenvalues (see Equation . ).

RD =
λ + λ

( . )



A

Diffusion tensor imaging has become an invaluable tool in probing the
morphological and functional characteristics of the brain in both clinical and
research se ings. DTI studies most o en target the white ma er of the brain due
to its highly anisotropic structure, and have shown clinical utility in monitoring
disease progression and improving the diagnostic process [e.g., , , ]. DTI
has also shown great promise in application to processes that primarily affect the
gray ma er with secondary white ma er association, such as in
neurodegenerative diseases where Wallerian degeneration follows neuronal cell
death [ , ].

e gray ma er of the brain is relatively isotropic on the voxel scale, and therefore
DTI is not particularly suited to characterize proton diffusion in this tissue.
However, some investigators have reported changes in gray ma er DTI metrics
and have proposed various mechanisms to explain their observations involving
hypothetical structural changes [e.g.,
, , , , , , , , , , ]. Examples include the loss of

myelinated bers passing through gray ma er structures [ , ], neuronal and
dendrite elimination with age [ ] and the targeted loss of certain dendrite
connections leading to increased anisotropy [ ], as well as tissue compaction
and gliosis associated with aging [ ]. e presence of iron in the gray ma er
has also been suggested to affect DTI measurements [ , ].

Healthy gray ma er is characterized by age-related iron accumulation, with the
greatest accrual occurring before years of age [ ]. e highest amount of
iron per tissue weight is found in the globus pallidus. Other gray ma er regions
high in iron, in decreasing order, are the red nucleus, substantia nigra, putamen,
dentate nucleus, caudate nucleus, thalamus, and various cortical regions [ , ].
Iron is also found in the white ma er in amounts comparable to or less than
cortical regions [ ] and is not distributed evenly, but aggregated in patches of
iron-rich cells myelinating the subcortical U- bers at the border of the cortex and
white ma er [ ]. In addition to changes associated with healthy aging, the



concentration and form of iron may change in several chronic neurological
diseases, most notably in those of neurodegenerative origin [ , ].
Abnormal brain-iron status has also been observed in other diseases such as
multiple sclerosis [ ], restless legs syndrome [ ], and a ention de cit
hyperactivity disorder [ ].

Ferritin-bound iron is the principal storage form of physiologic brain iron [ ],
and exhibits predominantly superparamagnetic behavior at room and body
temperatures [ ]. Ferritin is a large water-soluble molecule with a molecular
weight of approximately , g/mol, and is a spherical assembly of
peptide subunits approximately Å in diameter. One molecule of ferritin is able
to scavenge up to atoms of iron (the loading factor). e loading factors in
vivo are usually lower at approximately atoms of iron. Ferritin is found
primarily in oligodendrocytes, and to a lesser extent in microglia, astrocytes, and
neurons [ , ]. e degradation product of ferritin is hemosiderin, which is
water-insoluble and can be distinguished from ferritin to a certain extent by MRI
[ ].

MRI is sensitive to the presence of superparamagnetic iron as it shortens T
relaxation time. is effect, which is dependent on the magnitude of a given eld,
has been exploited for many years to quantify brain iron. e CPMG sequence
and the eld dependent R ( /T ) increase (FDRI) [ ] are two such methods
used in clinical and research se ings that take advantage of the effect of iron on
T relaxation time. As SE-EPI is T -weighted, the a enuation of signal in
iron-rich areas of the brain can be readily appreciated in these images by visual
inspection.

A

Motor neuron diseases (MND) are a group of neurological disorders which
selectively affect upper and lower motor neurons, with amyotrophic lateral
sclerosis (ALS) being the most common. Traditionally, ALS has been described
as a neurodegenerative disorder primarily affecting motor neurons in the anterior



horns of the spinal cord, bulbar nuclei and cerebral motor cortex [ ], with
secondary degeneration of the emerging tracts of both the central and peripheral
nervous systems [ ]. Clinically, two forms of ALS may be distinguished
according to the site of dominant involvement: a limb-onset and a bulbar-onset
form. During the course of the disease, both forms include progressive muscle
weakness, including the muscles needed for speech, swallowing and
breathing.

Based on recent studies [ , ], the perspective regarding ALS has evolved to
include the broader involvement of central nervous system regions beyond the
motor system. Frontal lobe involvement has been detected in ALS, and together
with the cognitive impairment of approximately one-third [ ] to one-half
[ , ] of patients, a link between ALS and frontotemporal lobar degeneration
(FTLD) has been made. Following the discovery of the CHMP B gene
mutation in both FTLD and ALS, some authors [ ] have suggested that ALS
and FTLD may be part of a pathological continuum and the term FTLD-MND
has been introduced.

e diagnosis of ALS is primarily clinical and is con rmed by the demonstration
of lower motor neuron loss on electromyography (EMG). It o en takes months
to establish the nal clinical diagnosis of ALS and to merely express suspicion of
this disease is a stressful event for the patient and his family, as well as for the
physician. erefore, any technique that supports or opposes the diagnosis of
ALS or helps to improve the understanding of its origin and development is
highly desirable.

Standard MR imaging of ALS patients has not revealed any unique imaging
features apart from cortical atrophy, which is also characteristic of other
neurodegenerative diseases. Some MR characteristics, such as increased signal
intensity on FLAIR ( uid a enuated inversion recovery) and T -weighted
images in the corticospinal tract (e.g., in the posterior limb of the internal capsule,
PLIC) [ , , ] and T hypointensity in the motor cortex (precentral gyrus,
“low signal rim”) [ , ], have been a ributed to ALS but their diagnostic
relevance is equivocal.



M

Multiple system atrophy (MSA) is a sporadic, progressive neurodegenerative
disease characterized by autonomic dysfunction with varying degrees of
parkinsonian and/or cerebellar features. e onset of MSA is de ned by the
manifestation of motor dysfunction and occurs on average at y- ve years of
age, with a mean survival of only nine years [ ]. Two forms of MSA are
currently recognized: a parkinsonian form (MSA-P, formerly striatonigral
degeneration) characterized by parkinsonian features poorly responsive to
L-dopa, and a cerebellar form (MSA-C, formerly olivopontocerebellar atrophy)
with predominant cerebellar ataxia. Overlap between these two divisions may be
evident, both clinically and pathologically, with designation to one group
determined by the predominant features at evaluation. MSA-P and MSA-C are
further classi ed as de nite, probable, or possible, re ecting the degree of
certainty in the diagnosis, with a de nite diagnosis of MSA requiring
neuropathological con rmation. A purely autonomic form of MSA (MSA-A, or
Shy-Drager syndrome) was once considered as a possible separate entity, but is
not included in the current consensus criteria [ ]. MSA-A likely represents
MSA-P/MSA-C at an early stage of development as autonomic dysfunction is
common to both.

MSA is currently considered an α-synucleinopathy, and the presence of glial
cytoplasmic inclusions (GCIs) containing α-synuclein bers and other proteins is
a primary requirement for de nite diagnosis. Although the precise pathogenesis
of the disease remains elusive, early and widespread oligodendrocyte
involvement characterized by GCI accumulation and demyelination has been
documented [ , ]. As these events correlate topographically and temporally
with neuronal degeneration, it has been postulated that MSA is a primary
oligodendrogliopathy [ , ]. However, the disease process remains poorly
understood and the diagnosis of MSA continues to be challenging.

MRI plays an important role in the work-up and diagnosis of MSA. Qualitative
radiological signs that may be appreciable on standardMR imaging sequences are
routinely used in the evaluation patients with MSA or patients suspected to have



MSA. Signal changes occurring in a cruciate pa ern in the pons (“hot cross bun”
sign) and signal changes in the lateral putamen are commonly sought [ ]. e
hot cross bun sign is associated with the selective depletion of pontine neurons
and myelinated transverse pontocerebellar bers [ , ], while signal changes in
the lateral putamen are associated with the accumulation of iron and gliosis
[ , , ]. ese changes however are not particularly sensitive nor speci c
in establishing the diagnosis. e hot cross bun sign may manifest in conditions
associated with pontine atrophy such as spinocerebellar ataxia [ ], and
correspondingly shows low speci city and only variable sensitivity in MSA-C
[ , , ]. Additionally, signal changes in the lateral putamen have been shown
to have only variable speci city and low sensitivity in MSA-P [ , , , ].

erefore, DTI has the potential to greatly enhance the radiological evaluation of
MSA, considering that DTI is sensitive to changes in the white ma er, and these
changes are generally not appreciable on standard imaging sequences.
Furthermore, as MSA has been postulated to be a primary oligodendropathy,
changes in RD and AD may be especially useful in elucidating the origin of white
ma er changes in the disease process.

Previous DTI studies in MSA have primarily used ROI [ , ], tractography
[ , , ], and VBM-based [ , , ] approaches. Tract-based spatial
statistics (TBSS) is a newer method that is be er suited to examine global DTI
characteristics in brain white ma er. TBSS projects the DTI data of all subjects
onto a mean white-ma er tract skeleton derived from the whole data set before
applying voxelwise cross-subject statistics. TBSS was developed to overcome
problems inherent in applying VBM to the white ma er, such as partial voluming
and the effects of arbitrary spatial smoothing, and improves the sensitivity,
objectivity and interpretability of analyses in multi-subject diffusion imaging
studies.



I’m astounded by people who want to “know” the universe
when it’s hard enough to nd your way around Chinatown.

Woody Allen

2
Hypotheses andObje ives

e primary objective of the present work was to demonstrate the applicability of
DTI to the gray and white ma er of the brain. We aimed to characterize the those
factors that affect DTI metrics in brain gray ma er, concurrent with our
hypothesis that superparamagnetic, ferritin-bound iron makes an important
contribution to DTI measurements in the these regions. is hypothesis was
driven by the observation that DTI measurements in the iron-rich
extrapyramidal nuclei correlate roughly with iron levels reported in postmortem
studies (see Figure . ) [ ]. To test this hypothesis, we created an in vitromodel
consisting of agarose gel phantoms doped with ferritin, and validated our results
in vivo on healthy volunteers.

e application of DTI to neurodegenerative diseases may improve the
diagnostic process and may further advance understanding of the underlying
pathophysiology. We endeavored to apply DTI to ALS and MSA for that



purpose. Recent studies [ , ] have shown the potential of DTI to improve
the diagnostic process of ALS. Additionally, MSA is currently considered to be
primarily a white ma er disease [ , ] with a potentially separate gray ma er
component [ ], ideal for the application of DTI. Furthermore, these
pathologies are not completely understood and have yet to be thoroughly
investigated. We therefore investigated ALS and MSA for the purpose of
improving the diagnostic process and advancing our understanding of the
underlying pathophysiology, applying DTI as well as evaluating standard
qualitative and quantitative measures.



e notes I handle no be er than many pianists. But the
pauses between the notes - ah, that is where the art resides.

Artur Schnabel

3
Materials andMethods

A

A P P

To explore the potential effect of superparamagnetic iron on diffusion tensor
indices in brain gray ma er, we created an in vitromodel of brain gray ma er
using agarose gel, to which we added varying amounts of superparamagnetic
ferritin. Brain gray ma er is a highly cellular, ordered environment, however, at
the voxel scale ( . mm isotropic in the present data) both agarose gel and the
gray ma er of the brain are very homogeneous. To determine the value of
fractional anisotropy in brain gray ma er free of iron, we plo ed the fractional
anisotropy in twenty-three healthy subjects ( men, women, mean age .
years± . ) in the caudate nucleus, putamen and globus pallidus and frontal



gray ma er as a function of expected iron content [ ]. In healthy subjects, the
iron content in these nuclei is highest in the globus pallidus and lowest in the
frontal gray ma er [ ], and average values obtained in our subjects suggested a
linear dependence of FA on iron content (Figure . ). We the took y-intercept as
the value of FA we may expect in gray ma er free of iron (FA≈ . ).
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Figure 3.1: Fractional anisotropy plotted as a function of reported iron
content in four gray matter regions. Regions with higher reported iron
content showed correspondingly higher fractional anisotropy. Fe, iron;
Cau, caudate; Put, putamen, Pal, globus pallidus; FGM, frontal gray
matter.

To determine the corresponding concentration of agarose with similar diffusivity
characteristics, we rst constructed a series of -mL agarose gels at various
concentrations of agarose ( . - . %) prepared at physiologic pH ( . ). Agarose
(Serva, Germany) was dissolved when boiled in a -mM Tris-HCL buffer (pH
. ) in individual falcon tubes mm in length and mm in diameter. e gel



phantoms were then allowed to cool to room temperature. When imaged, the
phantoms were positioned perpendicular to the B eld and scanned in a
climate-controlled environment at ◦ Celsius. ROIs were then placed in imageJ
[ ]. We observed a linear dependence of FA on agarose concentration, with a
. % concentration of agarose corresponding to an FA of approximately
%.

An additional series of -mL agarose phantoms were then constructed using a
. % concentration of agarose at physiologic pH ( . ). Agarose (Serva,

Germany) was dissolved when boiled in a -mM Tris-HCL buffer (pH . ) in
individual falcon tubes mm in length and mm in diameter as previously.
As the gels cooled to ◦ Celsius, horse-spleen ferritin (Sigma-Aldrich, St. Louis,
MO) was added to the individual falcon tubes and allowed to distribute evenly.
Ferritin was added in mg iron/ mL increments up to mg iron/ mL,
covering and exceeding those concentrations normally found within healthy
human gray ma er (composition of ferritin solution: mg/mL ferritin, .
mg/mL iron). One gel was le as a control and was allowed to cool without the
addition of ferritin. e phantoms were positioned perpendicular to the B eld
and scanned in a climate-controlled environment at ◦ Celsius as
previously.

V S

A total of volunteer subjects, – years of age ( male, female; mean age
. years± SD) were included in the study. All volunteers were recruited

from the community and were determined to be free of neurological disease, with
no lesions detected on standard structural MR images. e study was approved
by the local ethics commi ee and all participants provided signed, informed
consent.



MR P

In vitro images were acquired on Siemens Avanto . T and Siemens Trio T
systems equipped with Quantum gradients (Erlangen, Germany), using a
standard -channel head coil. SSSE-EPI data were collected in non-collinear
gradient directions at . T (b = s/mm ; repetition time [TR] = ms,
echo time [TE] = ms; number of excitations [NEX] = ; matrix = x ;
eld of view [FOV] = x mm; phase encode direction = AP/PA;

bandwidth = Hz/px; parallel acquisition [G PPA] acceleration factor =
; voxel size . mm isotropic) and T (b = s/mm ; TR = ms, TE =
ms; NEX = ; matrix = x ; FOV = x mm; phase encode

direction = AP/PA; bandwidth = Hz/px; parallel acquisition [G PPA]
acceleration factor = ; voxel size . mm isotropic). e voxel size in the T
SSSE-EPI sequence was reduced to compensate for higher signal-to-noise ratio
(SNR) at T. In vivo SSSE-EPI was performed on the same . T system with the
parameters stated above, but only data in the AP phase encode direction were
collected. Structural MR images were acquired in volunteer subjects using
standard T -weighted, FLAIR, and T *-weighted sequences, and were used to
exclude pathology.

All volunteers and phantoms were also scanned with a single-slice CPMG
sequence ( interecho times of . , . , . to . ms; TR = ms;
in-plane resolution . x . mm; slice thickness mm). In volunteer subjects
placement was guided by the slice position of the whole-head T sequence, and
the CPMG slice was placed in the axial plane approximately parallel to the plane
passing through the anterior/posterior commissures to optimally cover the basal
ganglia. In phantoms the slice was placed in approximately the middle of the
tube, perpendicular to the long axis.

P - D E

All diffusion weighted images were processed offline in FSL . (FMRIB
So ware Library, [ ]). In vivo data were subjected to EPI correction, followed



by brain extraction using BET (brain extraction tool, [ ]). Dti t was then used
to calculate the tensor scalars by the default least squares method, producing
λ - , FA, and MD volumes that were used in further analyses. A single-slice
CPMG image of corresponding TE was used for D coregistration of CPMG to
T . e raw T image without diffusion weighting generated by dti t was then
linearly coregistered to the whole- head T , and the transform was applied to the
tensor maps created by dti t. A single slice (corresponding to CPMG) was then
extracted from the resulting volumes. is approach produced single
coregistered slices (λ - /FA/MD/T /CPMG). In FSLView, masks of the globus
pallidus, putamen, and caudate were placed on the CPMG data well within the
nuclei to avoid partial-volume effects (Figure . ). In one subject the caudate
nuclei, and in seven subjects the globus pallidi were not sufficiently covered by
the CPMG slice and were, therefore, not included. e average signal data for
each echo time were stored, generating intensity values for each mask. We
performed nonlinear regression of CPMG data selected by each mask using a
plateau followed by monoexponential decay model for average signal intensity
and interecho time with GraphPad Prism (GraphPad So ware Inc., La Jolla,
CA). e masks created on the CPMG data were also projected to the
coregistered λ - /FA/MD maps. Proton density (PD) was calculated for each
echo-time per ROI. SNR was determined on a per-ROI basis by dividing mean
intra-ROI signal intensity by the SD in a noise ROI, and multiplying by . to
correct for the Rician distribution of noise in magnitude images [ ]. ROIs were
evaluated in both hemispheres and then averaged.

In vitro SSSE-EPI data were corrected by applying a displacement eld generated
by estimating the displacement in each voxel from data acquired in opposite
phase-encode directions [ ]. Dti t was then used to calculate the tensor scalars
and produce λ - /FA/MD maps as above (Figure . ). Measurements were
performed in ImageJ viewer [ ], with ROIs of equal size placed directly on the
diffusion-weighted and CPMG data, selecting a narrow column in the center of
the tube. ROIs created on the diffusion-weighted data were then projected on the
λ - /FA/MD maps, and SNR was determined as above. CPMG measurements



Figure 3.2: Images from one healthy volunteer showing ROIs placed in
the right caudate, putamen and globus pallidus on a) CPMG data and b)
corresponding coregistered FA data. CPMG, Carr-Purcell-Meiboom-Gill
sequence, FA, fractional anisotropy.

Figure 3.3: In vitro (1.5T) images: a) B , b) fractional anisotropy and
c) mean diffusivity maps.



were processed in the same manner as in vivo.

S A

Statistical analyses were performed in R (www.r-project.org). No differences in
laterality were detected in the in vivo data (t-test), therefore the mean of right and
le measurements was used in the in vivo analyses. e Šidak correction for
multiple comparisons (D/AP procedure [ ], see also Appendix B) was applied
to maintain an alpha level of . (all reported P-values are corrected unless
otherwise stated). A power analysis was performed to ensure statistical power of
at least %. A reciprocal transformation was applied to SNR data to achieve a
linear relationship with other variables, and was used in all analyses. e
Wilcoxon rank-sum test was used to examine gender differences.

A ALS

S

A total of thirty-three subjects ful lling the El-Escorial criteria [ ] for clinically
de nite ALS were included in the study ( men, women; mean age . ±
. SD; disease duration – months); twenty subjects diagnosed with a

limb-onset form of ALS, and thirteen diagnosed with a bulbar-onset form (see
Table . ). Disease severity was assessed with the ALS Functional Rating Scale
(ALS-FRS), producing a score between (greatest severity) and (least
severity) [ ]. As the total ALS-FRS score results from a mixture of both bulbar
and limb origin impairment, we elected to split the scale to limb and bulbar
components to allow the correlation of motor system morphology with clinical
signs of motor disability. All subjects were further evaluated for the presence or
absence of dementia by a series of neuropsychological tests [ ]. Nineteen
subjects exhibited a predominantly frontal-type cognitive impairment and
behavioral disturbances consistent with FTLD, while twelve subjects were found



to be cognitively normal. e results of neuropsychological examination were
not available for two subjects. irty healthy, age-matched volunteers ( men,

women; mean age . ± . SD) were also included in the study as a control
group. All volunteers underwent an examination to exclude neurological disease.

e study was approved by the local ethics commi ee and all participants
provided signed informed consent.

MR

Imaging was performed on a Siemens Symphony . T System (Erlangen,
Germany). Structural MR images were acquired using a T -weighted
magnetization-prepared rapid acquisition gradient echo (MP- GE) sequence
(TR = ms, TE = . ms, ip angle = degrees, TI = ms, axial
slices, . mm slice thickness, x–y resolution . × . mm, FOV mm) and a
standard TSET -weighted sequence covering the entire brain and cerebellum. T
relaxometry data were acquired by a single slice CPMG sequence ( interecho
times of . , . , . to . ms; TR = ms; in-plane resolution . ×
. mm; slice thickness mm) in the region of the basal ganglia. Diffusion data

were obtained using a Siemens work in progress package with b-factors of , ,
and measured along non-collinear gradient directions (TR = ms,
TE = ms, axial slices, NEX = , . × . × . mm).

P -

T -weighted images covering the whole brain as well as raw data for quantitative
analysis were evaluated to exclude other signi cant pathologies. T relaxometry
was performed in thirty-one subjects ( men, women; mean age . ± .
SD). e CPMG data were affected by artifacts in two subjects and were
excluded from the analyses.

T relaxometry data were analyzed using ImageJ viewer [ ], placing circular
ROIs measuring twenty-one square millimeters in the bilateral frontal white



Table 3.1: ALS patient demographics
Sub Age (y) Sex FRS FRS-L FRS-B Form Dem Dur (m) Pro

. M limb yes R

. M limb yes R
. M bulbar yes R/D
. M limb yes R/D
. M limb no R
. M limb yes R
. F bulbar yes R
. M limb yes R

F limb yes R
. F bulbar yes R
. M limb no R/D
. M bulbar yes R
. M bulbar yes R/D
. F bulbar yes R
. M bulbar no R
. M limb yes R
. F limb yes R
. M limb yes R

F bulbar no R
F bulbar no R

. F bulbar no R

. M limb no R/D

. F limb yes R

. M limb NR R

. M limb yes R/D
. F limb no R

M bulbar no R
. F bulbar yes R/D
. F bulbar no R/D
. M limb no D
. F limb yes R/D
. M limb no D
. M limb NR R/D

Table 3.1: Demographic characteristics of all ALS patient participants.
ALS, Amyotrophic lateral sclerosis; Sub, subject; y, years; FRS, functional
rating scale; FRS-L, limb component of FRS; FRS-B, bulbar component
of FRS; Dem, dementia; Dur, duration; Pro, protocol; R, relaxometry; D,
diffusion tensor imaging; NR, not reported.



ma er (FWM), frontal grey ma er (FGM, cingulate gyrus) and posterior limb of
the internal capsule (PLIC). e basal ganglia (head of caudate nucleus,
putamen, globus pallidus) were manually outlined bilaterally using freehand
selection (Figure . ). ROI placement was determined on the highest contrast T
image, and the average signal data for each echo time were stored, generating
intensity values for each ROI. We performed nonlinear regression for each ROI
using a monoexponential decay model for average signal intensity and interecho
time with GraphPad Prism (GraphPad So ware Inc., La Jolla, CA, USA). PD
values were individually calculated for echo time in each ROI. T relaxation rate
(R ) and PD signal were statistically analyzed using R
(www.r-project.org).

Figure 3.4: ROI placement in ALS subjects and controls: frontal white
matter (1,6), frontal grey matter (4, 9), head of caudate nucleus (2,7),
putamen (5,10), globus pallidus (3, 8), and internal capsule (not num-
bered)

Twelve subjects ( men, women; mean age . ± . SD) and twelve healthy



volunteers ( men, women; mean age . ± . SD) were included in the
DTI study. Diffusion weighted images were processed off-line in FSL [ ]. A er
eddy-current and motion correction, brain extraction was performed using BET
[ ] and dti t was then used to calculate the scalar invariants of the tensor [ ].
Dti t generates D images at the same matrix size and resolution as the original
diffusion images, including a raw T -signal image with the same distortions as the
diffusion weighted images. FA and MD were measured using ImageJ viewer [ ],
using circular ROIs measuring twenty-one square millimeters as placed on the
relaxometry data. When analyzing the corticospinal tract (CST), ROIs were
placed directly on the FA and MD maps. All other ROIs were placed directly on
the T maps created by dti t, and then projected on the corresponding FA and
MD maps. To validate the ROI approach, voxelwise statistical analyses of the FA
data was carried out using TBSS (Tract-Based Spatial Statistics, [ ]). For this
analysis, only the upper slab covering the brain from the vertex to mesencephalon
was used. e skeleton was built using an FA threshold> . . An unpaired t-test
was then used to compare FA values in the patient and control group.

S

Normality was tested by the Shapiro test at a P-value threshold of< . . Linear
regression analysis of R over age and ALS-FRS was performed. As normality of
R in patients and controls was not con rmed by the Shapiro test in any region, a
single-tailed Wilcoxon two-sample test was used for intergroup comparisons
using an a priori hypothesis of decreased R in the patient group. e Bonferroni
correction for multiple comparisons was applied to maintain an alpha level of
. . e same methodology was used to evaluate the correlation between

FA/MD, age, and clinical scale.



A MSA

S

Twenty subjects diagnosed as probable MSA were recruited for the study (
male, female, . Y± SD), including ten patients diagnosed as probable
MSA-P ( male, female, mean age . Y± SD) and ten patients diagnosed as
probable MSA-C ( male, female, mean age . Y± SD). Demographic
characteristics of the MSA group are presented in Table . . Twenty healthy
volunteer subjects ( male, female, mean age . Y± SD) were additionally
included as controls. e study was approved by the local ethics commi ee and
all participants provided signed, informed consent.

MRI -

Imaging was performed on a Siemens Avanto . T scanner ed with a
-channel -segment head coil (Erlangen, Germany). Structural MR images

acquired using standard PD-weighted, T -weighted, T -weighted, FLAIR and
T *-weighted sequences were used to exclude pathology in control subjects and
to evaluate the presence/absence of radiological signs typically associated with
MSA; signal changes in the lateral putamen associated with the accumulation of
iron and gliosis [ , , ] (Figure . a), and signal changes occurring in a
cruciate pa ern in the pons (“hot cross bun” sign) associated with the selective
depletion of pontine neurons and myelinated transverse pontocerebellar bers
[ ] (Figure . b). Radiological signs were assessed by two experienced
observers ( JV, AR), and any discrepancies resolved by consensus.

Diffusion-weighted data were acquired in non-collinear gradient directions
using a standard SSSE-EPI sequence (b= ; TR= ms, TE= ms;
NEX= ; . mm isotropic voxel). Diffusion data were processed offline in FSL
[ ] and subjected to eddy-current and motion correction, followed by brain



Table 3.2: MSA Patient demographics
Subject Sex Age (y) Park Cerebellar Sx LRP Sx HCB Sx Dur (y) Dx

F . − + − + MSA-C
F . + + − + MSA-P
F . + + + + MSA-C
M . + − + − MSA-P
M . + + + + MSA-C
F . + + + + MSA-C
M . + − + − MSA-P
M . + + + − MSA-C
F . + + + + MSA-P
M . + + + + MSA-C
F . + + + + MSA-P
M . − + − + MSA-C
F . − + − + MSA-C
F . + + + + MSA-C
M . + − + + MSA-P
M . + − + − MSA-P
F . + + + − MSA-P
F . + − + − MSA-P
F . + − + + MSA-P
M . − + + − MSA-C

Table 3.2: Demographic characteristics of all MSA patient participants.
Parkinsonism was considered positive in the presence of bradykinesia and
rigidity, while cerebellar signs were documented as positive in the pres-
ence of gait ataxia, cerebellar dysarthria, limb ataxia, or cerebellar ocu-
lomotor dysfunction. y, years; Park, Parkinsonism; Sx, sign/signs; LRP,
lateral rim of the putamen; HCB, hot cross bun; Dur, duration; dx, di-
agnosis; F, female; M, male; MSA-C, multiple system atrophy, cerebellar
subtype; MSA-P multiple system atrophy, parkinsonian subtype.



extraction [ ]. DTIFit was then used to calculate the scalar invariants of the
tensor, and FA, MD, RD and AD maps were generated. Voxelwise statistical
analyses of the diffusion-weighted data were carried out using TBSS [ ]. A
study-speci c mean FA template was created and used in transforming all
subjects to standard x x mm MNI space. e white ma er skeleton was
thresholded at FA> . and statistical tests were performed using ,
permutations. e results were thresholded using threshold-free cluster
enhancement at the P< . level of signi cance.

Automated ROI analyses were additionally performed in template space in the
basal ganglia (caudate nucleus, putamen, globus pallidus). e ROIs were created
by separating the stated masks from the Harvard-Oxford subcortical structural
atlas (thr ), transforming them to study space and nally twice eroding to
minimize partial volume effects. e ROIs were then projected against the
diffusion tensor data (FA/MD/RD/λ /λ ). e ROI data were then further
processed in R (www.r-project.org). e Šidák correction for multiple
comparisons (D/AP procedure [ ], see also Appendix B) was applied to
maintain an alpha level of . (all reported P-values are corrected unless
otherwise stated). A one-way analysis of variance (ANOVA) test was used to test
for group differences, followed by the Tukey-Kramer procedure in those regions
and metrics that reached signi cance. e pROC package [ ] was used for
receiver operating characteristic (ROC) analyses of ROI data. e MCP was also
the target of ROC analysis. is ROI was extracted from the Johns Hopkins
University ( JHU)-white-ma er labels [ ], transformed to study space, and then
skeletonized against the mean-FA skeleton.



Figure 3.5: Qualitative radiological signs typically associated with MSA.
a) Signal changes visible on T *-weighted sequence in the lateral puta-
men. The patient was diagnosed as MSA-C. b) Incipient signal changes
occurring in a cruciate pattern in the pons (“hot cross bun” sign) seen
on PD-weighted sequence. The patient was diagnosed as MSA-P.



When you meet a master swordsman, show him your sword.
When you meet a man who is not a poet, do not show him
your poem.

Lin-Chi

4
Results

A

A linear dependence of R ( /T ) on ferritin-bound iron concentration was
observed in vitro at . T (Figure . a; R = . , P< . ) and at T
(Figure . b; R = . , P< . ). e relationship between SNR and R was
found to be reciprocal, therefore reciprocal SNR ( /SNR) was used in all further
analyses to achieve linearity. /SNR was observed to increase linearly (SNR
decreased) with increasing iron concentration at both . T (Figure . a;
R = . , P = . ) and at T (Figure . b; R = . , P< . ), and also
increased linearly (SNR decreased) with increasing R at . T (Figure . a;
R = . , P = . ) and T (Figure . b; R = . , P< . ).
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Figure 4.1: In vitro results: Linear dependence of R on ferritin-
bound iron at a) 1.5T (R = 0.99, P < 0.001) and b) 3T (R = 0.99,
P < 0.001). Fe, ferritin-bound iron; R , 1/T .
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Figure 4.2: In vitro results: Linear dependence of 1/SNR on ferritin-
bound iron at a) 1.5T (R = 0.79, P = 0.002) and b) 3T (R = 0.84,
P < 0.001). Fe, ferritin-bound iron; SNR, signal-to-noise ratio.
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Figure 4.3: In vitro results: Linear dependence of 1/SNR on R at a)
1.5T (R = 0.80, P = 0.001) and b) 3T (R = 0.86, P < 0.001). R ,
1/T ; SNR, signal-to-noise ratio.

In examining the linear relationship between the Eigenvalues (λ – ) and /SNR
(Figure . a), only the t between λ and /SNR at T was signi cant
(R = . , P< . ), although there was a trend between λ and /SNR at T
(R = . , P = . ). Correlation between the Eigenvalues and R was similar
(Figure . b), with the t between λ and R signi cant at T (R = . ,
P = . ) and a trend between λ and R at T (R = . , P = . ). A linear
correlation was observed between FA and /SNR at . T (Figure . a; R = . ,
P = . ) and T (Figure . b; R = . , P< . ). e t between FA and
R did not reach signi cance at . T (Figure . a; R = . , P = . ), but was
signi cant at T (Figure . b; R = . , P = . ). No changes in MD were
detected (Figure . ).

A linear dependence of /SNR on R was observed in vivo (R = . ,
P< . ). e Eigenvalues decreased linearly with increasing R (Figure . a;
λ : R = . , P = . ; λ : R = . , P< . ; λ : R = . , P< . ), and a
similar pa ern was seen between the Eigenvalues and /SNR, although the t
with λ was not signi cant (Figure . b; λ : R = . , P = . ; λ : R = . ,
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Figure 4.4: In vitro results: Eigenvalues (λ1–3) plotted as a func-
tion of a) 1/SNR (3T, λ3: R = 0.92, P < 0.001; 3T, λ1: R = 0.49,
P = 0.08) and b) R (3T, λ3: R = 0.70, P < 0.006; 3T, λ1: R = 0.53,
P = 0.06). R , 1/T ; SNR, signal-to-noise ratio.
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Figure 4.5: In vitro results: Linear dependence of FA on 1/SNR at a)
1.5T (R = 0.74, P = 0.004) and b) 3T (R = 0.84, P < 0.001). FA,
fractional anisotropy; SNR, signal-to-noise ratio.
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Figure 4.6: In vitro results: FA plotted as a function of R at a) 1.5T
and b) 3T (R = 0.76, P = 0.002). FA, fractional anisotropy; R , 1/T .

P< . ; λ : R = . , P< . ).

As in vitro, FA increased with increasing /SNR (Figure . ; R = . ,
P< . ) and R (Figure . ; R = . , P< . ), with stronger correlation
between FA and R . MD decreased with increasing /SNR (R = . ,
P< . ) and R (Figure . ; R = . , P< . ), again with stronger
correlations between MD and R . PD correlated only weakly with R (R = . ,
P = . ), FA (R = . , P< . ), and λ (R = . , P = . ).

In individual nuclei, correlations were observed in the globus pallidus between
the eigenvalues and R (Figure . a; λ : R = . , P = . ; λ : R = . ,
P = . ; λ : R = . , P = . ). No correlation was found between FA and
R in the globus pallidus (Figure . b; R = . , P = . ), however, a linear
dependence between MD and R was seen (Figure . c; R = . , P< . ).
Correlation between age and tensor-derived scalars was only observed in the
putamen. A linear relationship between λ , λ and age was detected
(Figure . a; λ : R = . , P = . ; λ : R = . , P = . ; λ : P = . ), as
well as between MD and age (Figure . c; R = . , P = . ). No correlation
between FA and age was observed in the putamen (Figure . b; P = . ). No
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Figure 4.7: In vitro results: MD plotted as a function of 1/SNR at a)
1.5T and b) 3T, and as a function of R at c) 1.5T and d) 3T. MD,
mean diffusivity; SNR, signal-to-noise ratio; R , 1/T .
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Figure 4.8: In vivo results: Linear dependence of 1/SNR on R
(R = 0.67, P < 0.001). SNR, signal-to-noise ratio; R , 1/T .
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Figure 4.9: In vivo results: Eigenvalues plotted as a function of a)
1/SNR (λ2: R = 0.17, P < 0.001; λ3: R = 0.34, P < 0.001) and b)
R (λ1: R = 0.10, P = 0.03; λ2: R = 0.36, P < 0.001; λ3: R = 0.58,
P < 0.001). SNR, signal-to-noise ratio; R , 1/T .
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Figure 4.10: In vivo results: Linear dependence of FA on a) 1/SNR
(R = 0.34, P < 0.001) and b) R (R = 0.51, P < 0.001). FA, frac-
tional anisotropy; SNR, signal-to-noise ratio; R , 1/T .
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Figure 4.11: In vivo results: Linear dependence of MD on a) 1/SNR
(R = 0.19, P < 0.001) and b) R (R = 0.39, P < 0.001). MD, mean
diffusivity; SNR, signal-to-noise ratio; R , 1/T .
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Figure 4.12: In vivo results: Linear dependence of a) R (R = 0.15,
P = 0.003), b) FA (R = 0.22, P < 0.001) and c) λ3 (R = 0.13,
P = 0.006) on proton density. R , 1/T ; FA, fractional anisotropy.
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Figure 4.13: In vivo results, globus pallidus: Linear dependence of
a) the eigenvalues on R (λ1: R = 0.46, P = 0.004; λ2: R = 0.39,
P = 0.013; λ3: R = 0.43, P = 0.006), FA plotted as a function of
R (P = 0.31), and c) linear dependence of MD on R (R = 0.53,
P < 0.001). FA, fractional anisotropy, MD, mean diffusivity; R , 1/T .

correlations between age and other covariates were observed in pooled data, nor
were any group-wise differences between genders detected.
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Figure 4.14: In vivo results, putamen: Linear dependence of a) λ1 and
λ2 on age (λ1: R = 0.42, P = 0.001; λ2: R = 0.25, P = 0.036; λ3:
P = 0.051), FA plotted as a function of age (P = 0.35), and c) lin-
ear dependence of MD on age (R = 0.29, P = 0.019). FA, fractional
anisotropy, MD, mean diffusivity; y, years.

A

We detected signi cantly decreased R in the head of the le caudate nucleus
(P = . , uncorrected) in ALS subjects in comparison with healthy volunteers
(Table . ). No dependence of R on disease duration was observed. Lower R
was also present in the deep FWM in ALS patients in comparison with controls
(le , P = . uncorrected; right, P = . uncorrected). R in the FWM also
correlated negatively with age in both patients and controls. No relaxometric
differences in the head of the caudate nuclei or FWM were found between ALS
subgroups with or without cognitive de cit.

No relaxometric differences between ALS and control subjects were detected in
the PLIC, a region suspected of signal intensity changes in ALS [ , , ]. T
hyperintensity in the PLIC was qualitatively appreciated at least unilaterally in all
patients and controls. Using an ROI-based approach, no correlation between
clinical scale or age and FA or MD was observed in the PLIC. Furthermore, no
differences in FA were detected between patients and healthy volunteers in the
PLIC or FWM. We therefore elected to perform TBSS on the upper slab of



Table 4.1: T relaxometry results
Region ALS SD Controls SD P-value

Head CN, L . . . . . *
Head CN, R . . . .
FWM, L . . . . *
FWM, R . . . . . *
GP, L . .
GP, R . . . .
Cingulate, L . . .
Cingulate, R . . . .
Putamen, L . . . .
Putamen, R . . . .
CST, L . . .
CST, R . . .

Table 4.1: T relaxometry results (in milliseconds) in ALS and control
subjects. P-values are uncorrected, significant differences after correction
for multiple comparisons are marked with an asterisk (*). ALS, amy-
otrophic lateral sclerosis; SD, standard deviation; L, left; R, right; CN,
caudate nucleus; FWM, frontal white matter; GP, globus pallidus; Cingu-
late, cingulate gyrus; CST, corticospinal tract.

diffusion data. No correlation with FRS was found, but decreased FA in ALS
patients was present in the bilateral corona radiata (Figure . ).



Figure 4.15: Voxels demonstrating significant (P < 0.05) differences
in FA between all patients and controls (patients < controls) in the a)
coronal, b) sagittal, c) axial and d) mid-sagittal planes.



A

In examining differences between all MSA and control subjects reported by
TBSS, we observed widespread differences in RD and MD, with changes in FA
and AD following but in fewer voxels (Figure . ). RD and MD were increased
and FA reduced in the superior cerebellar peduncles (SCP), middle cerebellar
peduncles (MCP) and inferior cerebellar peduncles (ICP) bilaterally
(Figure . a-c), with a smaller volume of increased AD in the bilateral MCP and
ICP (Figure . d). No differences in AD between patients and controls were
observed in the SCP.

Changes in RD and MD were also more widespread supratentorially, being
increased throughout the corona radiata and commissural bers bilaterally, in the
body and genu of the corpus callosum in the midline, and in many subcortical
areas, primarily frontal (Figure . a,b). RD and MD were also increased in the
internal and external capsules bilaterally, including parts of the bilateral CST.
Supratentorially, reduced FA followed a similar pa ern but was observed in fewer
voxels, with no differences detected in the le temporal subcortical white ma er
(Figure . c). Increased AD was primarily observed in a small number of voxels
in the more central portions of the corona radiata and in the le external capsule
(Figure . d). ese voxels generally demonstrated increased RD and MD, but
no changes in FA.

We further explored differences between controls and the MSA-P and MSA-C
diagnostic subgroups by TBSS. In MSA-P, only supratentorial differences were
observed in comparison with controls (Figure . ), following a similar pa ern
as in all MSA patients versus controls, but in fewer voxels. RD and MD were
again increased throughout the corona radiata and the internal capsules
bilaterally, in the body of the corpus callosum and in a number of subcortical
regions (Figure . a,b). No changes in MD were observed in the subcortical
white ma er of the bilateral occipital lobes (Figure . b). Decreased FA was
detected in the body of the corpus callosum, in the rostral commissural bers



Figure 4.16: TBSS results: voxels demonstrating significant (P < 0.05)
differences between all patients and controls. a) Radial diffusivity (pa-
tients > controls), b) mean diffusivity (patients > controls), c) fractional
anisotropy (patients < controls), and d) axial diffusivity (patients > con-
trols). TBSS, tract-based spatial statistics; MSA, multiple system atro-
phy.



Figure 4.16: (continued)



bilaterally, in the right genu of the internal capsule, in the bilateral corona radiata,
and in the frontal subcortical white ma er, primarily on the right (Figure . c).
Differences in AD were similar to all MSA versus controls, occurring primarily in
the le hemisphere (Figure . d).

In MSA-C, differences were again similar to those detected between all MSA
subjects and controls (Figure . ). RD, MD and AD were increased and FA
decreased in the SCP, MCP, and ICP bilaterally, with RD and MD differences
present in the greatest number of voxels, and AD differences in the fewest
(Figure . a-d). Supratentorial differences in RD and MD were similar to those
between all MSA subjects and controls, however subcortical white ma er
differences were primarily frontal (Figure . a,b). FA again followed a similar
pa ern but in fewer voxels. Notably, no FA differences were detected in the le
internal and bilateral external capsules and subcortical differences were limited to
the frontal white ma er (Figure . c). Supratentorial differences in AD were
limited to the right corona radiata (Figure . d). No differences were detected
between the MSA-C and MSA-P diagnostic subgroups (Figure . ).



Figure 4.17: TBSS results: voxels demonstrating significant (P < 0.05)
differences between all MSA-P patients and controls. a) Radial diffusivity
(patients > controls), b) mean diffusivity (patients > controls), c) frac-
tional anisotropy (patients < controls) and d) axial diffusivity (patients >
controls). TBSS, tract-based spatial statistics; MSA-P, multiple system
atropy, traditional parkinsonian subtype.



Figure 4.17: (continued)



Figure 4.18: TBSS results: voxels demonstrating significant (P < 0.05)
differences between all MSA-C patients and controls. a) Radial diffusivity
(patients > controls), b) mean diffusivity (patients > controls), c) frac-
tional anisotropy (patients < controls) and d) axial diffusivity (patients >
controls). TBSS, tract-based spatial statistics; MSA-C, multiple system
atrophy, traditional cerebellar subtype.



Figure 4.18: (continued)



Figure 4.19: TBSS results: no significant (P < 0.05) differences de-
tected between all MSA-C and MSA-P patients. a) Radial diffusivity, b)
mean diffusivity, c) fractional anisotropy and d) axial diffusivity. TBSS,
tract-based spatial statistics; MSA-C, multiple system atrophy, traditional
cerebellar subtype; MSA-P, multiple system atrophy, traditional parkinso-
nian subtype.



Figure 4.19: (continued)



Considering the surprising result that no differences between the MSA-C and
MSA-P diagnostic subgroups were detected by TBSS (Figure . ), we
hypothesized that this negative result may be due to overlap between the patient
groups. To explore this possibility further, the MSA group was reclassi ed
according to phenotype into three subgroups: cMSA (cerebellar positive), pMSA
(parkinsonian positive), and mMSA (mixed, both cerebellar and parkinsonian
positive). ose subjects in the mMSA subgroup exhibited both cerebellar and
parkinsonian signs, whereas those in the cMSA or pMSA groups exhibited only
cerebellar or parkinsonian signs, respectively. A er reclassi cation, further TBSS
analyses were conducted between the cMSA group and controls, between the
pMSA group and controls, and between the cMSA and pMSA groups. In the
cMSA group, we observed widespread changes supratentorially in RD and MD
similar to all MSA patients versus controls (Figure . a,b), with changes in FA
only present in the corona radiata on the le (Figure . c). ere were no
supratentorial differences in AD (Figure . d). Infratentorially, changes in RD
and MD were present in the SCP, MCP and ICP (Figure . a,b), changes in FA
in the MCP and ICP bilaterally and in the SCP on the right (Figure . c), and
changes in AD in the bilateral MCP only (Figure . d). No differences between
pMSA and controls were detected by TBSS (Figure . ). In examining TBSS
results between cMSA and pMSA patients, differences were detected primarily
infratentorially in RD and MD in the SCP, MCP and ICP bilaterally
(Figure . a,b). Differences in AD were detected in the bilateral MCP only
(Figure . d). Supratentorially, only subtle differences were detected in the
PLIC and corticospinal tract in RD on the le (Figure . a), and in MD in the
para-medial coronal bers on the le (Figure . b). No signi cant differences in
FA were detected either supra- or infratentorially (Figure . c). No
supratentorial differences in AD were detected (Figure . d).



Figure 4.20: TBSS results: voxels demonstrating significant (P < 0.05)
differences between all cerebellar-positive, parkinsonian-negative MSA pa-
tients (cMSA) and controls. a) Radial diffusivity (patients > controls),
b) mean diffusivity (patients > controls), c) fractional anisotropy (pa-
tients < controls) and d) axial diffusivity (patients > controls). TBSS,
tract-based spatial statistics; MSA, multiple system atrophy.



Figure 4.20: (continued)



Figure 4.21: TBSS results: no significant (P < 0.05) differences de-
tected between all parkinsonian-positive, cerebellar-negative MSA pa-
tients (pMSA) and controls. a) Radial diffusivity, b) mean diffusivity, c)
fractional anisotropy and d) axial diffusivity. TBSS, tract-based spatial
statistics; MSA, multiple system atrophy.



Figure 4.21: (continued)



Figure 4.22: TBSS results: voxels demonstrating significant (P < 0.05)
differences between all cerebellar-positive, parkinsonian-negative MSA
patients (cMSA) and parkinsonian-positive, cerebellar-negative MSA
patients (pMSA). a) Radial diffusivity (cMSA > pMSA), b) fractional
anisotropy, C) mean diffusivity (cMSA > pMSA) and D) axial diffusivity
(cMSA > pMSA). TBSS, tract-based spatial statistics; MSA, multiple
system atrophy.



Figure 4.22: (continued)



We further explored the DTI characteristics in the basal ganglia (caudate nucleus,
putamen, globus pallidus) of MSA and control subjects, additionally adding λ to
the analysis. e addition of λ was made to help characterize any changes in
diffusion metrics observed [ ]. Adjustment for multiple comparisons was
made as described inMethods. We rst investigated differences in laterality in the
basal ganglia in the stated diffusion metrics, and found that FA in the caudate
nucleus differed between the le and right side (P = . ). erefore, we
elected to analyze the le and right sides separately. We then explored group
differences using a one-way analysis of variance (ANOVA) test, followed by the
Tukey-Kramer procedure in those regions and metrics that reached signi cance.

ese tests were performed using different patient classi cations: between the
traditional MSA subgroups (MSA-C, MSA-P) and controls (traditional),
between parkinsonian-positive MSA subjects (pPOS), and between
parkinsonian-negative MSA subjects (pNEG) and controls (phenotypic). e
data were reclassi ed in an a empt to improve the classi cation ability and
diagnostic utility of DTI in MSA, as we expected that patients with parkinsonian
manifestations would likely have detectable changes in diffusion indices in the
basal ganglia, while those without parkinsonian manifestations would likely not.
We found signi cant differences in the bilateral putamen only, in λ , λ , MD and
RD (see Table . ). No differences in FA in the putamen were detected. ROC
analyses in those metrics reaching signi cance indicated that λ and MD provide
the best potential classi cation ability in the bilateral putamen under both patient
classi cations (Table . ). Reclassi cation of the data by phenotype resulted in
generally greater area between the two ROC curves, (see Table . , Figures
. - . ).



Table 4.2: ANOVA results in the bilateral putamen
Traditional Phenotypic

Side Metric F-value P-value Side Metric F-value P-value

L FA F( , ) = . P = . L FA F( , ) = . P = .
L λ F( , ) = . P = . L λ F( , ) = . P = .
L λ F( , ) = . P = . L λ F( , ) = . P = .
L MD F( , ) = . P = . L MD F( , ) = . P = .
L RD F( , ) = . P = . L RD F( , ) = . P = .
R FA F( , ) = . P = . R FA F( , ) = . P = .
R λ F( , ) = . P< . R λ F( , ) = . P = .
R λ F( , ) = . P = . R λ F( , ) = . P = .
R MD F( , ) = . P< . R MD F( , ) = . P = .
R RD F( , ) = . P = . R RD F( , ) = . P = .

Table 4.2: Results of ANOVA analyses of ROI data in the bilateral puta-
men. L, left; R, right; FA, fractional anisotropy; MD, mean diffusivity;
RD, radial diffusivity

Table 4.3: ROC results in the bilateral putamen
Traditional Phenotypic

AUC AUC

Side Metric Con vs MSA-C Con vs MSA-P Side Metric Con vs pNEG Con vs pPOS

L λ . . L λ . .
L λ . . L λ . .
L MD . . L MD . .
L RD . . L RD . .
R λ . . R λ . .
R λ . . R λ . .
R MD . . R MD . .
R RD . . R RD . .

Table 4.3: Results of ROC analyses of ROI data in the bilateral putamen
between patients and controls. AUC, area under curve; MSA-C, multiple
system atrophy, traditional cerebellar subtype; MSA-P multiple system
atrophy, traditional parkinsonian subtype; pNEG, parkinsonian-negative;
pPOS, parkinsonian-positive; L, left; R, right; MD, mean diffusivity; RD,
radial diffusivity.



Figure 4.23: ROC results in the left putamen between patients and
controls in λ1: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data.



Figure 4.24: ROC results in the right putamen between patients and
controls in λ1: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data.



Figure 4.25: ROC results in the left putamen between patients and
controls in λ3: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data.



Figure 4.26: ROC results in the right putamen between patients and
controls in λ3: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data.



Figure 4.27: ROC results in the left putamen between patients and
controls in MD: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data. MD, mean diffusivity.



Figure 4.28: ROC results in the right putamen between patients and
controls in MD: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data. MD, mean diffusivity.



Figure 4.29: ROC results in the left putamen between patients and
controls in RD: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data. RD, radial diffusivity.



Figure 4.30: ROC results in the right putamen between patients and
controls in RD: a) ROC curves between traditional MSA subgroups and
controls, b) boxplot representation of the same data, c) ROC curves be-
tween phenotypic MSA subgroups and controls, d) boxplot representation
of the same data. RD, radial diffusivity.



We also performed ROC analyses in the MCP to further explore the diagnostic
utility of DTI in this region. Two patient classi cations were again used: between
the traditional MSA subgroups (MSA-C, MSA-P) and controls (traditional), and
between cerebellar-positive MSA subjects (cPOS) and controls and
cerebellar-negative MSA subjects (cNEG) and controls (phenotypic). e
reclassi cation of patients according to phenotype was again performed due to
phenotypical overlap between the traditional MSA subgroups, in an effort to
improve the classi cation ability of DTI in this region. Reclassi cation of the
data by phenotype again resulted in generally greater area between the two ROC
curves (see Table . , Figures . - . ).

Table 4.4: ROC results in the MCP
Traditional Phenotypic

AUC AUC

Side Metric Con vs MSA-C Con vs MSA-P Side Metric Con vs cPOS Con vs cNEG

L RD . . L RD . .
L MD . . L MD . .
L FA . . L FA . .
L λ . . L λ . .

Table 4.4: Results of ROC analyses of ROI data in the bilateral MCP
between patients and controls. AUC, area under curve; MSA-C, multi-
ple system atrophy, cerebellar subtype; MSA-P multiple system atrophy,
parkinsonian subtype; cPOS, cerebellar-positive MSA; cNEG, cerebellar-
negative MSA; L, left; R, right; RD, radial diffusivity; MD, mean diffusiv-
ity; FA, fractional anisotropy.



Figure 4.31: ROC results in the MCP between patients and controls in
RD: a) ROC curves between traditional MSA subgroups and controls, b)
boxplot representation of the same data, c) ROC curves between pheno-
typic MSA subgroups and controls, d) boxplot representation of the same
data. MCP, middle cerebellar peduncle; RD, radial diffusivity.



Figure 4.32: ROC results in the MCP between patients and controls in
MD: a) ROC curves between traditional MSA subgroups and controls, b)
boxplot representation of the same data, c) ROC curves between pheno-
typic MSA subgroups and controls, d) boxplot representation of the same
data. MCP, middle cerebellar peduncle; MD, mean diffusivity.



Figure 4.33: ROC results in the MCP between patients and controls in
FA: a) ROC curves between traditional MSA subgroups and controls, b)
boxplot representation of the same data, c) ROC curves between pheno-
typic MSA subgroups and controls, d) boxplot representation of the same
data. MCP, middle cerebellar peduncle; FA, fractional anisotropy.



Figure 4.34: ROC results in the MCP between patients and controls in
λ1: a) ROC curves between traditional MSA subgroups and controls, b)
boxplot representation of the same data, c) ROC curves between pheno-
typic MSA subgroups and controls, d) boxplot representation of the same
data. MCP, middle cerebellar peduncle.



We additionally assessed qualitative radiological signs associated with MSA that
are appreciable on traditional imaging sequences; signal changes in the lateral
putamen, and the hot cross bun sign in the pons (see Table . ). Traditional
classi cation and classi cation by phenotype (cPOS, pPOS) were performed. In
general, we observed be er performance when considering MSA by phenotypic
expression, the only exception being a higher negative predictive value (NPV) of
the hot cross bun test in the traditional classi cation.

Table 4.5: Qualitative radiological signs
Traditional Phenotypic

BUN RIM BUN RIM

Sensitivity . . . .
Speci city . . . .
PPV . . . .
NPV . . . .

Table 4.5: Evaluation of qualitative radiological signs typically associated
with multiple system atrophy. Phenotypic classifications were cerebellar-
positive MSA (cPOS) in evaluation of the BUN sign, and parkinsonian-
positive (pPOS) in assessment of the RIM sign. BUN, hot cross bun
sign, RIM, signal changes in the lateral rim of the putamen, PPV, pos-
itive predictive value, NPV, negative predictive value.



In our endeavor to understand reality we are somewhat like
aman trying to understand themechanismof a closedwatch.
He sees the face and themoving hands, even hears its ticking,
but he has no way of opening the case. If he is ingenious he
may form some picture of a mechanism which could be re-
sponsible for all the things he observes, but he may never be
quite sure his picture is the only one which could explain his
observations.

Albert Einstein

5
Discussion

A

We have shown the applicability of DTI to both gray and white ma er regions of
the brain. While the correlates of DTI metrics in brain white ma er are relatively
well understood [ , , ], DTI in the gray ma er is more difficult to
interpret. In the present work, we have demonstrated that metalloprotein-bound
iron makes an important contribution to DTI metrics in low-signal, isotropic,
iron-rich regions such as brain gray ma er. We were prompted to investigate the
effect of metalloprotein-bound iron on diffusion metrics by the initial
observation that FA in gray ma er regions measured in vivo appeared to roughly
correlate with iron concentrations [ , ] reported postmortem [ ]
(Figure . ). Ferritin-bound iron, R , and SNR were included as covariates as
they represent a possible continuum of cause to effect, although these variables



are not strictly dependent on each other. As superparamagnetic iron decreases T
relaxation time (increases R ) [ , ], SNR decreases ( /SNR increases) on
T -weighted SSSE-EPI data [ , , , ].

Our in vitro data illustrate the isolated effect of ferritin-bound iron, mediated by
iron-dependent signal a enuation. Eigenvalue repulsion with decreasing SNR
has been previously reported [ , ]. Although only changes in λ were
signi cant at T, there was a clear visual trend of eigenvalue repulsion that was
re ected in FA changes. FA increased with increasing /SNR (decreasing SNR)
and R , while MD was insensitive to these changes in vitro. ese ndings are
supported by our in vivo data where similar correlations were observed. Linear
dependencies between tensor-derived scalars and /SNR and R were achieved
in pooled data, with FA increasing and MD decreasing as /SNR and R
increased.

Differences between in vivo and in vitro results may be related to differences in the
composition of agarose gel [ ] in comparison to the underlying cytoarchitecture
of the gray ma er, as previous studies have demonstrated the dependence of
eigenvalue repulsion on the inherent anisotropy of a medium [ , ]. We
arrived at the composition of our in vitromodel a er experimentally determining
the concentration of agarose that approximates the anisotropy of gray ma er free
of artifactual contamination (see Figure . , y-intercept). Although the agarose
model is a close approximation to gray ma er at the voxel scale, the behavior of
individual eigenvalues is likely sensitive to subtle differences.

Other factors must be taken into consideration when a empting to interpret
differences between the in vivo and in vitro results. e in vivo environment is
more complex, with many factors that could contribute to DTI measurements
such as the presence of myelinated bers in gray ma er structures and
physiological noise. Furthermore, the clustering effect of ferritin in vivo increases
magnetic inhomogeneity [ , ]. R is also not only dependent on iron
content, but is affected by several factors such as temperature, tissue density, and
water content [ , , ]. PD was included to control for tissue density and water
content, and that PD did not make a signi cant contribution to the results



supports the hypothesis that ferritin-bound iron played a key role the observed
correlations. λ showed the strongest correlation with R both in vitro and in vivo,
seemingly the least affected by confounding factors in vivo. λ measurements
within the individual nuclei followed R values, while FA and MD values proved
less speci c. e pa ern observed in FA values within the basal ganglia is in
agreement with previously published data [ ].

Several mechanisms have been proposed to DTI contrast in gray ma er regions,
such as the loss of myelinated bers passing through gray ma er structures
[ , ], neuronal and dendrite elimination with age [ ] and the targeted loss
of certain dendrite connections leading to increased anisotropy [ ], as well as
tissue compaction and gliosis associated with aging [ ]. Our results show that
ferritin-bound iron makes an important contribution to DTI metrics in
low-signal, isotropic, iron-rich regions, which is an important consideration in
studies examining the DTI characteristics of gray ma er regions, especially in
studies focused on adolescence as well as diseases associated with altered
brain-iron load such as pantothenate kinase-associated neurodegeneration
(P N), Huntington disease and MSA. Based on our in vitro ndings, we would
expect that a y percent increase in R would result in a % increase in FA. is
estimate is roughly in agreement with our in vivo observations and additional
confounding factors in vivo, as discussed previously, would be expected to
contributions as well.

It has been reported that the iron content of gray ma er may be dependent on
age [ , , , , , , ]. Hallgren and Sourander reported increasing iron
with age in several gray ma er regions, plateauing at approximately age thirty
[ ]. at we only observed signi cant correlations with age in the putamen is
not surprising for several reasons. Our volunteer group was composed of older
adults in comparison to previous studies, and although iron does continue to
accumulate throughout the lifespan, it occurs over a limited range beyond thirty
years of age. Notably, the most gradual accumulation in the regions we examined
occurs in the putamen. More subtle changes across the age range in our study
would require a much larger sample to be appreciated.



A

We have shown T relaxation rate differences in the head of caudate nucleus in
ALS subjects in comparison to controls. Atrophy of the head of the le caudate
was found in a subgroup of rapidly progressing ALS patients in another study [ ].
Signi cant changes of T relaxation rate in this region are of further importance
as the caudate nucleus has been used as an internal reference in qualitative and
quantitative studies of ALS patients [ , , ]. It is interesting to note that the
relaxation rate changes detected in this region were not dependent on disease
duration. is suggests that decreased R is already present in the earlier stages of
the disease and could therefore serve as an early marker of disease activity. Future
investigation should focus on quantifying changes in head of the caudate nuclei
in a large group patients in the earliest stage of ALS.

Signi cant changes in the T relaxation rate of the caudate nucleus are not
surprising when considering that ALS is not limited to the motor system and that
relaxometric changes in the basal ganglia have been observed in other
neurodegenerative diseases [ ]. T contrast in the deep grey ma er nuclei is
predominantly determined by tissue iron in metalloproteins [ , ]. A
decrease in the metalloprotein-bound iron (“safe” iron) results in a relative
decrease in R , and more iron in the low molecular forms (“toxic” iron) is
available. We propose that the signi cant T relaxation rate changes in the le
caudate nucleus observed in our study are related to iron deposition in this
region. e observed changes cannot be explained by a change in water content
as the proton density did not differ between patients and controls.

We also detected signi cantly decreased R in the bilateral FWM of ALS patients
compared to controls. erefore, we recommend that FWM (as well as head of
caudate nuclei) should not be used as an internal reference for the assessment of
increased signal intensity in various brain regions in ALS [ , ]. e T
relaxation rate in the FWM was also found to correlate with age in both patients
and controls. Bartzokis et al. demonstrated the age dependence of R in the
FWM at both . T and . T in healthy subjects [ ]. A trend towards a steeper



decrease of T relaxation rate with age in our group of ALS patients was
observed, but the difference did not reach the statistical threshold. As age-related
changes in the FWM were detected in both patients and controls, this may
indicate that decreased R in the FWM is age-dependent and that ALS does not
in uence this correlation signi cantly.

No statistically signi cant changes were detected in the PLIC, a region suspected
of signal intensity changes in ALS. T hyperintensity in this area, labelled as CI
in histological studies, was observed in nearly all subjects. A confocal microscopy
study by Axer and Keyserlingk [ ] revealed that bers of the corticospinal tract
(running superoinferior) cross bers of the upper thalamic peduncle (running
anteroposterior) in this region. In section, a pale area in the most posterior part
of internal capsule was more difficult to discern and was less stained by silver than
by myelin stain in ALS subjects. is area included thinner axons (> . μm),
surrounded by “free space”. e posterior aspect of the area was clearly delimited,
and the anterior aspect disappeared gradually. In ALS patients, the loss of thin
myelinated bers in this area has been proven [ ]. Even though these ndings
would suggest decreased R in this area, our study quantitatively con rms earlier
statements [ , ] that the relatively hyperintense signal in this part of the
internal capsule is a physiological variant and not disease related as was believed
[ , ].

Considering our work showing the dependance of DTI metrics on R [ ],
investigation of DTI metrics in the basal ganglia would be of interest. However,
due to the dual-slab nature of the diffusion data acquired by a work-in-progress
package, we were unable to follow-up these relaxometry results with diffusion
analyses. We did however investigate white ma er changes in the upper slab by
means of TBSS. TBSS revealed decreased FA in the corona radiata, and no
changes were detected in the lower parts of the pyramidal tract. No changes in FA
in the corticospinal tract were found using an ROI-based approach. is can be at
least partially explained by the process of averaging the data on the skeleton in a
voxel-wise manner, which, in contrast to an ROI-based approach, is not
in uenced by selection size or a priori knowledge. Moreover, an ROI positioned
close to ne white bers is more prone to noise.



No changes in the FWM were detected by means of TBSS or ROI-based
methods. Decreased FA in the callosal body is in agreement with current
knowledge of frontotemporal lobar degeneration. erefore, future research
should focus more on ne bers. Changes in R and not FA in this region can be
explained by demyelinating changes in the white ma er that precede changes in
anisotropy. us, changes in T relaxation rate may precede decreased diffusion
anisotropy.

A

In the present study we investigated global white ma er characteristics in MSA in
vivo. Our TBSS results show widespread differences in the white ma er of MSA
subjects in comparison to controls, re ected primarily in increased RD and MD
(see Figure . ). While MD is known to be a sensitive but non-speci c marker
of morphological changes in the white ma er, RD has been shown to correlate
with myelin integrity [ , ]. Our ndings therefore lend support to the
hypothesis that MSA is a primary oligodendrogliopathy.

In examining DTI differences between the MSA-P and MSA-C subgroups and
controls, we observed similar differences between MSA-C subjects and controls
(Figure . ), and only supratentorial differences between MSA-P subjects and
controls (Figure . ). MSA-C subjects would be expected to be more severely
affected infratentorially than MSA-P subjects, and we did observe qualitatively
on standard imaging sequences that infratentorial changes in MSA-C subjects
were more striking than in their MSA-P counterparts. Similar to the results of all
MSA subjects versus controls, the MSA-C (Figure . ) and MSA-P
(Figure . ) subgroups showed the greatest differences in RD and MD. ese
observations are not in con ict with those reported previously [ , , , ],
however, due to methodological differences (TBSS versus other approaches) a
direct comparison with previous studies is not possible.

Half of the patient participants in our study exhibited both cerebellar and
parkinsonian manifestations, in agreement with previous studies [ , ]. As



we did not observe any differences between the MSA-C and MSA-P diagnostic
subgroups by TBSS, we hypothesized that the large degree of overlap was likely
responsible. We therefore reclassi ed our patient group by phenotype, separating
those subjects with only cerebellar (cMSA) or parkinsonian manifestations
(pMSA) from those with a mixed presentation. TBSS was then performed on the
restructured groups.

Differences between cMSA subjects and controls by TBSS were similar to those
between MSA-C and controls. To our surprise, pMSA subjects did not differ
signi cantly from controls in any region, by any DTI metric. is may indicate an
alternate pathogenesis behind the parkinsonian component of MSA. In a large
series of de nite MSA cases, Ozawa et al. [ ] reported that pathological
changes in striatonigral degeneration likely begin in the substantia nigra, where
neuronal cell death appears to occur independent of GCI accumulation, and
concluded that other factors contribute to this phenotype. e authors did not
observe any cases of pure striatonigral or olivopontocerebellar pathology
(corresponding to pMSA and cMSA in the present work), likely related to the
postmortem nature of the study, i.e., at the terminus of the disease process it is
likely that both striatonigral and olivopontocerebellar systems are effected. Our
observations in pMSA and cMSA support the hypothesis that factors other than
GCI accumulation may be responsible for striatonigral degeneration. e
differences in DTI metrics detected by TBSS between patients and controls were
driven by the cerebellar component of the disease, i.e., by patients with a positive
cerebellar phenotype, supported by the nding that the pMSA subgroup did not
differ from controls. e observation that pMSA is not detectable by DTI in the
white ma er is not surprising if the underlying pathology is isolated to the
striatonigral system. However, that white ma er changes related to the cerebellar
phenotype are widespread, not only infratentorially but supratentorially as well,
warrants further investigation.

In evaluating differences in DTI metrics in the basal ganglia between MSA
subjects and controls, we explored differences between both the traditional MSA
subgroups and controls, as well as between phenotypic MSA subgroups and
controls. e reclassi cation by phenotype was performed in an a empt to



increase the utility of DTI in this se ing, concordant with our hypothesis that
parkinsonian-positive MSA subjects (pPOS) would likely show alterations in the
basal ganglia, while parkinsonian-negative MSA subjects (pNEG) would likely
not. e addition of λ to the analysis was made to further clarify any diffusion
changes noted, as iron accumulation in the putamen has been shown previously
[ , ], and we have shown that ferritin-bound iron results in eigenvalue
repulsion [ ]. We detected signi cant differences between the MSA-P group
and others, and between the pMSA group and others, in RD, MD, λ and λ in
the putamen only, with no differences observed in FA. Further ROC analyses
were carried out to explore the classi cation potential of these metrics in the
putamen. Similar results were seen between the MSA-P versus control and pPOS
versus control tests. Performance was reduced however in the pNEG versus
control tests in comparison to the MSA-C versus control tests. is re ects the
transfer of parkinsonian-positive MSA-C subjects to the pPOS group when
reclassi ed, and as their classi cation ability no longer contributed to the AUC, it
decreased. us, the sensitivity and speci city improved with reclassi cation, as
more subjects were correctly classi ed.

We applied similar ROC analyses to the MCP, to evaluate the diagnostic
potential of this region in MSA subjects with positive cerebellar manifestations.

e MCP was chosen in large part due to the robust results observed by TBSS
and therefore ANOVA was not performed in this region. We again explored
differences between both the traditional MSA subgroups and controls, as well as
between phenotypic MSA subgroups and controls. e reclassi cation by
phenotype was similarly performed in an a empt to increase the utility of DTI in
this region, concordant with our hypothesis that cerebellar-positive MSA
subjects (cPOS) would likely show alterations in the MCP, while
cerebellar-negative MSA subjects (cNEG) would likely not. Similar to our results
in the putamen, we observed be er overall performance when the data were
reclassi ed. e AUC in cNEG versus controls was lower than in MSA-P versus
controls, again re ecting the reallocation of classi cation ability driven by
phenotype. erefore, classi cation by phenotype improved the sensitivity and
speci city of the tests, allowing more patients to be correctly classi ed.



As a comparison and to provide complementary diagnostic information, we also
evaluated the presence or absence of radiological signs associated with MSA that
are appreciable on traditional imaging sequences; signal changes in the lateral
putamen, and the hot cross bun sign in the pons. In general, we observed be er
performance when considering MSA by phenotypic expression, the only
exception being a higher NPV (“rule out” performance) when considering the
hot cross bun sign under the traditional classi cation. e reason for this
paradoxically be er result in the traditional classi cation is that one MSA-P
subject with a positive cerebellar phenotype (MSA-P, cPOS) had more
generalized cerebellar atrophy without an appreciable hot cross bun sign.

erefore, this subject was classi ed a true negative when considering the
traditional classi cation, and as a false negative under the phenotypic
classi cation. us, these two qualitative signs are not sufficient in the diagnostic
process, however, we have shown that qualitative radiological signs may serve a
complementary role to the more robust DTI evaluation in MSA patients,
especially when considering the disease process from a phenotypical
perspective.



Research is to see what everyone else has seen, and to think
what nobody else has thought.

Albert Szent-Györgyi

6
Conclusions

We have shown the effect of ferritin-bound iron on DTI metrics in vitro, with
correlation in vivo. Signal a enuation on SE-EPI data due to predominantly
superparamagnetic ferritin-bound iron is re ected in increased R and decreased
SNR, resulting in systematic, artifactual changes in tensor-derived scalars. is
effect has li le consequence in brain white ma er where the SNR is very high,
but in low-signal regions such as the gray ma er DTI metrics may be signi cantly
affected. is observation has important implications for DTI studies targeting
gray ma er regions, especially in studies focused on adolescence as well as
diseases associated with altered brain-iron load such as P N, Huntington
disease and MSA.

In ALS, we found only non-speci c changes in DTI metrics in the brain white
ma er. Additionally we found decreased R in the le caudate and bilateral
FWM, which may aid in the diagnostic process and disquali es these regions as



internal controls in ALS studies. Furthermore, we demonstrated that the PLIC is
not a reliable diagnostic marker of ALS. Considering these qualitative and
quantitative measures, the evaluation of ALS subjects by MRI may be
improved.

Finally in MSA, we detected widespread changes in the brain white ma er,
however only in MSA subjects with a positive clinical history of cerebellar
manifestations. In MSA subjects with only parkinsonian features, no alterations
in DTI metrics in the white ma er were detected. is has important
implications in the diagnosis of MSA. However, in MSA patients with a positive
clinical history of Parkinsonism, we detected signi cantly altered tensor-derived
scalars in the bilateral putamen. ese changes included increased λ , and
considering our in vitro results, indicates that DTI changes in the putamen are
likely driven primarily by true changes in diffusion rather than changes in local
iron status. In considering these observations together, we have shown that DTI
in the MCP in cerebellar-positive MSA subjects and in the putamen in
parkinsonian-positive MSA subjects may differentiate MSA from control subjects
with very high accuracy, greatly improving existing methods. For this purpose,
we propose the use of MD, which showed very high accuracy in all relevant tests,
and is readily accessible in most commercial so ware packages furnished by
manufacturers.
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Appendix A

Herein we present two impacted publications directly related to the work in this
dissertation. e rst, published in JMRI, describes our work in investigating the
effect of superparamagnetic ferritin-bound on diffusion tensor-derived scalars.
We present our in vitro results, validated in vivo in healthy control subjects. e
second paper, published inMagma, covers our work in evaluating qualitative and
quantitative MRI measures, including DTI, in ALS subjects and healthy controls.
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Chasing Shadows: What Determines DTI Metrics in
Gray Matter Regions? An In Vitro and In Vivo Study
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Purpose: To characterize the relationship between super-
paramagnetic ferritin-bound iron and diffusion tensor
scalars in vitro, and validate the results in vivo.

Materials and Methods: The in vitro model consisted of a
series of 40-mL 1.1% agarose gels doped with ferritin cov-
ering and exceeding those concentrations normally found
within healthy human gray matter. Additionally, regions
of interest were placed in the caudate, putamen, and
globus pallidus of 29 healthy volunteer subjects 19–80
years of age. Carr-Purcell-Meiboom-Gill sequence (CPMG)
and diffusion tensor imaging (DTI) data were collected at
1.5 Tesla (T) and 3T in vitro, and at 1.5T in vivo.

Results: In vitro, linear relationships were observed
between ferritin-bound iron concentration, R2 (1/T2) and
1/SNR. Eigenvalue repulsion with increasing R2 (decreas-
ing SNR) was reflected in an artifactual increase of frac-
tional anisotropy. In vivo, similar relationships were
observed, with mean diffusivity also decreasing linearly
with increasing R2. Lambda 3 showed the strongest corre-
lation with R2 both in vitro and in vivo.

Conclusion: The observation that DTI metrics correlate
with ferritin-bound iron is an important consideration in
the design and interpretation of studies exploring the dif-
fusion characteristics of gray matter regions, especially in
studies focused on adolescence as well as diseases asso-
ciated with altered brain-iron load such as pantothenate

kinase-associated neurodegeneration, Huntington disease
and multiple system atrophy.

Key Words: diffusion tensor imaging; brain iron; T2

relaxation; basal ganglia; fractional anisotropy; mean
diffusivity
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DIFFUSION TENSOR IMAGING (DTI) has become an
invaluable tool in probing the morphological and
functional characteristics of the brain in both clinical
and research settings. Several scalar invariants may
be derived from the diffusion tensor to characterize
proton diffusion, with fractional anisotropy (FA) and
mean diffusivity (MD) being most commonly reported.
DTI studies most often target the white matter of the
brain due to its highly anisotropic structure, and have
shown clinical utility in monitoring disease progres-
sion and improving the diagnostic process (e.g., 1–3).
The gray matter of the brain is relatively isotropic on
the voxel scale; therefore, DTI is not ideally suited to
characterize proton diffusion in this tissue. However,
some investigators have reported changes in gray
matter DTI metrics and have proposed various mech-
anisms to explain their observations involving hypo-
thetical structural changes (e.g., 4–14). The presence
of iron in the gray matter has also been suggested to
affect DTI measurements (15,16).

Healthy gray matter is characterized by age-related
iron accumulation, with the greatest accrual occur-
ring before 30 years of age (17). The highest amount
of iron per tissue weight is found in the globus pal-
lidus where its level exceeds that in the liver by
almost a factor of 2. Other gray matter regions high in
iron, in decreasing order, are the red nucleus, sub-
stantia nigra, putamen, dentate nucleus, caudate
nucleus, thalamus, and various cortical regions
(17,18). Iron is also found in the white matter in
amounts comparable to or less than cortical regions
(17) and is not distributed evenly, but aggregated in
patches of iron-rich cells myelinating the subcortical
U-fibers at the border of the cortex and white matter
(19). In addition to changes associated with healthy
aging, the concentration and form of iron may change
in several chronic neurological diseases, most notably
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in those of neurodegenerative origin (20,21). Abnor-
mal brain-iron status has also been observed in other
diseases such as multiple sclerosis (22), restless legs
syndrome (23), and attention deficit hyperactivity dis-
order (24).

Ferritin-bound iron is the principal storage form of
physiologic brain iron (25), and exhibits superpara-
magnetic behavior at room and body temperatures
(26). Ferritin is a large water-soluble molecule with a
molecular weight of approximately 450,000 g/mol,
and is a spherical assembly of 24 peptide subunits
approximately 80 Å in diameter. One molecule of ferri-
tin is able to scavenge up to 4500 atoms of iron (the
loading factor). The loading factors in vivo are usually
lower at approximately 2500 atoms of iron. Ferritin is
found primarily in oligodendrocytes, and to a lesser
extent in microglia, astrocytes, and neurons (19,27).
The degradation product of ferritin is hemosiderin,
which is water-insoluble and can be distinguished
from ferritin to a certain extent by magnetic resonance
imaging (MRI) (28).

MRI is sensitive to the presence of superparamag-
netic iron as it shortens T2 relaxation time. This
effect, which is dependent on the strength of a given
field, has been exploited for many years to quantify
brain iron. The Carr-Purcell-Meiboom-Gill sequence
(CPMG) and the field dependent R2 increase (FDRI)
are two such methods used in clinical and research
settings that take advantage of the effect of iron on T2

relaxation time. Spin-echo echo-planar imaging (SE-
EPI) is the most frequently used sequence in acquiring
data for DTI, and as it is T2-weighted, the attenuation
of signal in iron-rich areas of the brain can be readily
appreciated in these images by visual inspection.

Considering the observation that DTI measurements
in the iron-rich extrapyramidal nuclei correlate with
iron levels reported in postmortem studies (16), we
hypothesized that ferritin molecules loaded with iron
may change the diffusion-scalar values in a system-
atic way. To test our hypothesis, we created an in
vitro model consisting of agarose gel phantoms doped
with ferritin, and validated our results in vivo on
healthy volunteers.

MATERIALS AND METHODS

Agarose Gel Phantoms

A series of 40-mL 1.1% agarose gels were prepared at
physiologic pH (7.4). The 1.1% concentration of aga-
rose was chosen to approximate the FA characteristics
brain gray matter. Agarose (Serva, Germany) was dis-
solved when boiled in a 50-mM Tris-HCL buffer (pH
7.4) in individual falcon tubes 115 mm in length and
26 mm in diameter. As the gels cooled to 50�C, horse-
spleen ferritin (Sigma-Aldrich, St. Louis, MO) was
added to the individual falcon tubes and allowed to
distribute evenly. Ferritin was added in 5 mg iron/
100 mL increments up to 50 mg iron/100 mL, cover-
ing and exceeding those concentrations normally
found within healthy human gray matter (composition
of ferritin solution: 56 mg/mL ferritin, 7.1 mg/mL
iron). One gel was left as a control and was allowed to

cool without the addition of ferritin. The phantoms
were positioned perpendicular to the B0 field and
scanned in a climate-controlled environment at 23�C.

Volunteer Subjects

A total of 29 volunteer subjects, 19–80 years of age
(14 male, 15 female; mean age 53.2 years 6 17 SD)
were enrolled in the study. All volunteers were
recruited from the community and determined to be
free of neurological disease, with no lesions detected
on structural MR images. The study was approved by
the local ethics committee and all participants pro-
vided signed, informed consent.

MR Protocol

In vitro images were acquired on Siemens Avanto 1.5
Tesla (T) and Siemens Trio 3-Tesla systems equipped
with Quantum gradients (Erlangen, Germany), with a
standard 12-channel head coil. Single shot SE-EPI
diffusion weighted imaging (DWI) was performed with
30 noncollinear gradient directions at 1.5T (b ¼ 1100
s/mm2; repetition time [TR] ¼ 8800 ms, echo time
[TE] ¼ 98 ms; number of excitations [NEX] ¼ 2; Matrix
¼ 128 � 128; field of view [FOV] ¼ 280 � 280 mm;
Phase encode ¼ AP/PA; Bandwidth ¼ 1345 Hz/px;
Parallel acquisition [GRAPPA] acceleration factor ¼ 2;
Voxel size 2.2 mm isotropic) and 3T (b ¼ 1100 s/
mm2; TR ¼ 10100 ms, TE ¼ 98 ms; NEX ¼ 1; Matrix
¼ 146 � 146; FOV ¼ 252 � 252 mm; Phase encode ¼
AP/PA; Bandwidth ¼ 1370 Hz/px; Parallel acquisition
[GRAPPA] acceleration factor ¼ 2; Voxel size 1.9 mm
isotropic). The voxel size in the 3T SE-EPI sequence
was reduced to compensate for higher signal-to-noise
ratio (SNR) at 3T. In vivo SE-EPI was performed on
the same 1.5-Tesla System with the parameters stated
above, but only data in the AP phase encode direction
were collected. Structural MR images were acquired
in volunteer subjects using standard T2-weighted,
FLAIR, and T2*-weighted sequences, and were used to
exclude pathology.

All volunteers and phantoms were also scanned
with a single-slice Carr-Purcell-Meiboom-Gill
(CPMG) sequence (32 interecho times of 12.5, 25.0,
37.5 to 400.0 ms; TR ¼ 3000 ms; In-plane resolu-
tion 0.9 � 0.9 mm; Slice thickness 4 mm). In
human subjects placement was guided by the slice
position of the whole-head T2 sequence, and the
CPMG slice was placed in the axial plane approxi-
mately parallel to the plane passing through the
anterior/posterior commissures to optimally cover
the basal ganglia. In phantoms the slice was placed
in approximately the middle of the tube, perpendic-
ular to the long axis.

Postprocessing and Data Evaluation

All diffusion weighted images were processed offline
in FSL 4.1 (29). In vivo data were subjected to EPI
correction, followed by brain extraction using BET
(30). Dtifit was then used to calculate the tensor sca-
lars by the default least squares method, producing
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l1-3, FA, and MD volumes that were used in further
analyses. A single-slice CPMG image of corresponding
TE was used for 2D coregistration of CPMG to T2. The
raw T2 image without diffusion weighting generated
by dtifit was then linearly coregistered to the whole-
head T2, and the transform was applied to the tensor
maps created by dtifit. A single slice (corresponding to
CPMG) was then extracted from the resulting vol-
umes. This approach produced single coregistered sli-
ces (l1-3/FA/MD/T2/CPMG). In FSLView, masks of
the globus pallidus, putamen, and caudate were cre-
ated on the CPMG data by a single observer (JV) and
placed well within the nuclei to avoid partial-volume
effects (Fig. 1). In one subject the caudate nuclei, and
in seven subjects the globus pallidi were not suffi-
ciently covered by the CPMG slice and were, therefore,
not included. The average signal data for each echo
time were stored, generating 32 intensity values for
each mask. We performed nonlinear regression of
CPMG data selected by each mask using a plateau fol-
lowed by monoexponential decay model for average
signal intensity and interecho time with GraphPad
Prism 5 (GraphPad Software Inc., La Jolla, CA). The
masks created on the CPMG data were also projected
to the coregistered l1-3/FA/MD maps. Proton density
(PD) was calculated for each echo-time 0 per ROI.
SNR was determined on a per-ROI basis by dividing
mean intra-ROI signal intensity by the SD in a noise
ROI, and multiplying by 0.655 to correct for the
Rician distribution of noise in magnitude images (31).
ROIs were evaluated in both hemispheres and then
averaged.

In vitro SE-EPI data were corrected by applying a
displacement field generated by estimating the dis-
placement in each voxel from data acquired in oppo-
site phase-encode directions (32). Dtifit was then used
to calculate the tensor scalars and produce l1-3/FA/
MD maps as above (Fig. 2). Measurements were per-
formed in ImageJ viewer (33), with ROIs of equal size
placed directly on the diffusion-weighted and CPMG
data, selecting a narrow column in the center of the
tube. ROIs created on the diffusion-weighted data
were then projected on the l1-3/FA/MD maps, and
SNR was determined as above. CPMG measurements were processed in the same manner as the in vivo

data.

Statistical Analysis

Statistical analyses were performed in R (34). Hand-
edness information was not available for all volun-
teers, therefore the mean of right and left measure-
ments was used in the in vivo analyses. The Sidak
correction for multiple comparisons (D/AP procedure)
was applied to maintain an alpha level of P < 0.05. A
power analysis was performed to ensure statistical
power of at least 80%. A reciprocal transformation
was applied to SNR data to achieve a linear relation-
ship with other variables, and was used in all analy-
ses. Analysis of variance (ANOVA) analysis of succes-
sive linear, quadratic and cubic models was used in
determining the best model to fit the data. The Wil-
coxon rank-sum test was used to examine gender
differences.

Figure 1. CPMG data from one healthy volunteer showing
ROIs placed in the right caudate, putamen and globus pal-
lidus(a), and corresponding coregistered FA data (b).

Figure 2. In vitro (1.5T) images: B0 (a), fractional anisotropy
(b), and mean diffusivity (c) maps.
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RESULTS

In Vitro Results

A linear dependence of R2 (1/T2) on ferritin-bound
iron concentration was observed in vitro at 1.5T and
3T (Fig. 3a; 1.5T: R2 ¼ 0.99, P < 0.001; 3T: R2 ¼
0.99, P < 0.001). 1/SNR was observed to increase lin-
early with increasing iron concentration and R2 (Fig.
3b; 1.5T: R2 ¼ 0.80, P < 0.001; 3T: R2 ¼ 0.86, P <
0.001). In examining the linear relationship between
the Eigenvalues (l1–3) and 1/SNR (Fig. 3c), only the
fit between l3 and 1/SNR at 3T was significant (R2 ¼
0.92, P < 0.001), although there was a trend between
l1 and 1/SNR (3T: R2 ¼ 0.49, P ¼ 0.08). Correlation
between the Eigenvalues and R2 was similar (Fig. 4a),
with the fit between l3 and R2 significant at 3T (R2 ¼
0.70, P ¼ 0.006) and a trend between l1 and R2 (3T:
R2 ¼ 0.53, P ¼ 0.06). A linear correlation was
observed between FA and 1/SNR at both field
strengths (1.5T: R2 ¼ 0.74, P ¼ 0.004; 3T: R2 ¼ 0.84,
P < 0.001), and between FA and R2 at 3T only (Fig.
4b; 1.5T: R2 ¼ 0.40, P ¼ 0.17; 3T: R2 ¼ 0.76, P ¼
0.002). No changes in MD were detected (Fig. 4c).

In Vivo Results

A linear dependence of 1/SNR on R2 was observed in
vivo (R2 ¼ 0.67, P < 0.001). The Eigenvalues
decreased linearly with increasing R2 (Fig. 5a; l1: R2

¼ 0.10, P ¼ 0.03; l2: R2 ¼ 0.36, P < 0.001; l3:
R2 ¼ 0.58, P < 0.001), and a similar pattern was seen
between the Eigenvalues and 1/SNR, although the fit
with l1 was not significant (l1: R2 ¼ 0.02, P ¼ 0.56;
l2: R2 ¼ 0.17, P < 0.001; l3: R2 ¼ 0.34, P < 0.001).
As in vitro, FA increased with increasing 1/SNR (R2 ¼
0.34, P < 0.001) and R2 (Fig. 5b; R2 ¼ 0.51, P <
0.001), with stronger correlation between FA and R2.
MD decreased with increasing 1/SNR (R2 ¼ 0.19, P <
0.001) and R2 (Fig. 5c; R2 ¼ 0.39, P < 0.001), again
with stronger correlations between MD and R2. PD
correlated only weakly with R2 (R2 ¼ 0.15, P ¼ 0.003),
FA (R2 ¼ 0.22, P < 0.001), and l3 (R2 ¼ 0.13, P ¼
0.006). In individual nuclei, correlations were only
observed in the globus pallidus between diffusion
metrics and R2 (l1: R2 ¼ 0.46, P ¼ 0.004; l2:
R2 ¼ 0.39, P ¼ 0.013; l3: R2 ¼ 0.43, P ¼ 0.006; MD:
R2 ¼ 0.53, P < 0.001). Correlation between age and

Figure 3. In vitro results: Linear dependence of R2 on ferritin-bound iron at 1.5T and 3T (a); linear dependence of 1/SNR on
R2 at 1.5T and 3T (b); Eigenvalues (l1–l3) as a function of 1/SNR (c). Fe, ferritin-bound iron; SNR, signal-to-noise ratio.

Figure 4. In vitro results: Eigenvalues (l1–l3) plotted as a function of R2 (a); FA as a function of R2 (b); MD as a function of
R2 (c). FA, fractional anisotropy; MD, mean diffusivity.
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tensor-derived scalars was only observed in the puta-
men (l1: R2 ¼ 0.42, P ¼ 0.001; l2: R2 ¼ 0.25, P ¼
0.036; MD: R2 ¼ 0.29, P ¼ 0.019). No correlations
between age and other covariates were observed in
pooled data, nor were any group-wise differences
between genders detected.

DISCUSSION

To the best of our knowledge, this is the first study
showing both the in vitro and in vivo influence of met-
alloprotein-bound iron on DTI metrics. Our investiga-
tion was prompted by the initial observation that FA
in gray matter regions measured in vivo appeared to
roughly correlate with iron concentrations (15,16)
reported in postmortem studies (17). Ferritin-bound
iron, R2, and 1/SNR were included as covariates as
they represent a possible continuum of cause to
effect, although these variables are not strictly de-
pendent on each other. As superparamagnetic iron
decreases T2 relaxation time (increases R2), SNR
decreases (1/SNR increases) on SE-EPI data.

Our in vitro data illustrate the isolated effect of fer-
ritin-bound iron, mediated by iron-dependent signal
attenuation. Eigenvalue repulsion with decreasing
SNR has been well documented (e.g., 35,36), and
although only changes in l3 were significant at 3T,
there was a clear visual trend of Eigenvalue repulsion
that was reflected in FA changes. FA increased with
increasing 1/SNR (decreasing SNR) and R2, while MD
was shown to be insensitive to these changes in vitro.
These findings are supported by our in vivo data where
similar correlations were observed. Linear dependencies
between tensor-derived scalars and 1/SNR and R2

were achieved in pooled data, with FA increasing and
MD decreasing as 1/SNR and R2 increased.

Differences between in vivo and in vitro results may
be related to differences in the composition of agarose
gel in comparison to the underlying cytoarchitecture
of the gray matter. Previous studies have demon-
strated the dependence of Eigenvalue repulsion on
the inherent anisotropy of a medium (35,36). We
arrived at the composition of our in vitro model after

experimentally determining the concentration of aga-
rose that approximates the anisotropy of gray matter
free of artifactual contamination. Although the aga-
rose model is a close approximation to gray matter,
the behavior of individual Eigenvalues is likely sensi-
tive to even subtle differences.

Other factors must be taken into consideration when
attempting to interpret differences between the in vivo
and in vitro results. The in vivo environment is more
complex, with many factors that could contribute to
DTI measurements such as the presence of myelinated
fibers in gray matter structures and physiological
noise. Furthermore, the clustering effect of ferritin in
vivo increases magnetic inhomogeneity. R2 is also not
only dependent on iron content, but is affected by sev-
eral factors such as temperature, tissue density, and
water content (35–37). We included PD in our study to
control for tissue density and water content, and that
PD did not make a significant contribution to the
results supports the hypothesis that ferritin-bound
iron played a key role the observed correlations. l3
showed the strongest correlation with R2 both in vitro
and in vivo (Figs. 4 and 5), seemingly the least affected
by confounding factors in vivo. l3 measurements
within the individual nuclei followed R2 values (Fig. 6),
while FA and MD values proved less specific. The pat-
tern observed in FA values within the basal ganglia is
in agreement with previously published data (38).

Several studies examining the DTI characteristics of
gray matter regions have been published in recent
years, with various mechanisms proposed to explain
their observations involving hypothetical structural
changes (e.g., 4–14). More specific examples include
the loss of myelinated fibers passing through gray
matter structures (5,9), neuronal and dendrite elimi-
nation with age (10) and the targeted loss of certain
dendrite connections leading to increased anisotropy
(7), as well as tissue compaction and gliosis associ-
ated with aging (12). Our results show that ferritin-
bound iron makes an important contribution to DTI
metrics in low-signal, isotropic, iron-rich regions,
which is an important consideration in studies exam-
ining the DTI characteristics of gray matter regions,
especially in studies focused on adolescence as well

Figure 5. In vivo results: Eigenvalues (l1–l3) plotted as a function of R2 (a); linear dependence of FA on R2 (b); linear depend-
ence of MD on R2 (c). FA, fractional anisotropy; MD, mean diffusivity; CAU, caudate; PUT, putamen; PAL, globus pallidus.
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as diseases associated with altered brain-iron load
such as pantothenate kinase-associated neurodegen-
eration (PKAN), Huntington disease and multiple sys-
tem atrophy (MSA). Based on our in vitro findings, we
would expect that a fifty percent increase in R2 would
result in a 75% increase in FA. This estimate is
roughly in agreement with our in vivo observations.
As a practical example, the globus pallidus has a
mean R2 of 14–15 and a mean FA of approximately
.28 in healthy adults. In Huntington disease, R2 in
the globus pallidus may reach 21 (J. Vymazal, unpub-
lished data), and in such a patient we would expect a
corresponding FA of approximately .50. Additional
confounding factors, as discussed previously, would
be expected to make further contributions.

It has been reported that the iron content of gray
matter may be dependent on age (6,7,12,17,39–41).
Hallgren and Sourander reported increasing iron with
age in several gray matter regions, plateauing at
approximately age thirty (17). That we only observed
significant correlations with age in the putamen is not
surprising for several reasons. Our volunteer group
was composed of older adults in comparison to previ-
ous studies, and although iron does continue to accu-
mulate throughout the lifespan, it occurs over a lim-
ited range beyond 30 years of age. Notably, the most
gradual accumulation in the regions we examined
occurs in the putamen. Most importantly, our study
is only sufficiently powered to detect large changes in
the individual regions examined. More subtle changes

Figure 6. In vivo results: Box plots showing values of R2 (a), l3 (b), FA (C), and MD (d) in individual nuclei. FA, fractional an-
isotropy; MD, mean diffusivity; CAU, caudate; PUT, putamen; PAL, globus pallidus.
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across the age range in our study would require a
much larger sample to be appreciated.

In conclusion, ferritin-bound iron in the gray matter
of the brain affects DTI metrics in vivo. Iron-depend-
ent signal attenuation reflected in increased R2 and
decreased SNR results in systematic, artifactual
changes in tensor-derived scalars. This observation
has important implications for DTI studies targeting
gray matter regions, especially in studies focused on
adolescence as well as diseases associated with
altered brain-iron load such as PKAN, Huntington dis-
ease and MSA. The influence of superparamagnetic
iron on DTI metrics should be considered when inter-
preting and planning DTI studies that target gray
matter regions.
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Abstract
Object To evaluate the potential of quantitative MR
techniques [voxel-based morphometry (VBM), T2-relaxom-
etry, mean diffusivity (MD), fractional anisotropy (FA)] in
the diagnostics of amyotrophic lateral sclerosis (ALS).
Materials and methods Thirty-three ALS patients and thirty
age- and sex-matched healthy volunteers were included in
the cross-sectional study. T1WI, T2WI and T2 relaxometry
sequences were performed at 1.5T. DWI was performed in a
subgroup of 12 patients. Disease severity was estimated with
the ALS Functional Rating Scale (ALS-FRS).
Results We detected decreased T2 relaxation rate (R2) in
the frontal white matter (FWM) (left and right P < 0.005)
and caudate nucleus (left P < 0.005) in ALS patients. R2
in the FWM correlated with age in patients and controls.
A correlation (P < 0.01, cluster-level corrected) between
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atrophy in the corona radiata and the limb ALS-FRS sub-
set was found, as well as a difference between patients and
controls in this area. No correlation between FA/MD and
ALS-FRS was observed in the T2 hyperintense region of
the posterior limb of the internal capsule (PLIC), or in the
site of atrophy detected by VBM. No R2 or PD changes in
the PLIC were detected. TBSS revealed decreased FA in the
corona radiata and callosal body.
Conclusions Decreased R2 in the left caudate and bilateral
FWM may help in the diagnostic process and disqualifies
these regions as internal controls in ALS studies. The PLIC
is not a reliable diagnostic marker of ALS.

Keywords Amyotrophic lateral sclerosis · T2 relaxation
time · Fractional anisotropy · Voxel-based morphometry ·
ALS-FRS · Caudate · Frontal white matter · R2

Introduction

Amyotrophic lateral sclerosis (ALS) is the most common
motor neuron disease (MND)—a group of neurological dis-
orders which selectively affect upper and lower motor neu-
rons. This disease carries a fatal prognosis, its aetiology is
still little understood, and no specific treatment yet exists.
Traditionally, ALS has been described as a neurodegenera-
tive disorder primarily affecting motor neurons in the ante-
rior horns of the spinal cord, bulbar nuclei and cerebral motor
cortex [1–3], with secondary degeneration of the emerging
tracts of both the central and peripheral nervous systems [4].
Clinically, two forms of ALS may be distinguished accord-
ing to the site of dominant involvement: a limb-onset and a
bulbar-onset form. During the span of the disease, both forms
include progressive muscle weakness, including the muscles
needed for speech, swallowing and breathing.
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Based on recent studies [5,6], the perspective regarding
ALS has evolved to include the broader involvement of cen-
tral nervous system regions beyond the motor system. Fron-
tal lobe involvement has been detected in ALS, and together
with the cognitive impairment of approximately one-third
[7] to one-half [5,6] of patients, a link between ALS and
frontotemporal lobar degeneration (FTLD) has been made.
Following the discovery of the CHMP2B gene mutation in
both FTLD and ALS, some authors [8] have suggested that
ALS and FTLD may be part of a pathological continuum and
the term FTLD-MND has been introduced.

The diagnosis of ALS is primarily clinical and is con-
firmed by the demonstration of lower motor neuron loss on
electromyography (EMG). It often takes months to establish
the final clinical diagnosis of ALS and to merely express
the suspicion of this fatal disease is a stressful event for the
patient and his family, as well as for the physician. There-
fore, any technique that supports or opposes the diagnosis of
ALS or helps to improve the understanding of its origin and
development is highly desirable.

Standard MR imaging of ALS patients has not revealed
any unique imaging features apart from cortical atrophy,
which is also characteristic to other neurodegenerative dis-
eases. Some MR characteristics, such as increased signal
intensity on FLAIR and T2-weighted images in the pyra-
midal tract (e.g., in the posterior limb of the internal capsule,
PLIC) [4,9,10], and T2-hypointensity in the motor cortex
(precentral gyrus, “low signal rim”) [3,10], have been attrib-
uted to ALS, but their diagnostic relevance is equivocal.

Quantitative MR imaging includes volumetric and mor-
phometric techniques, measurements of proton T1 and T2
relaxation times (T1 and T2 relaxometry), and quantitative
aspects of water diffusion such as the apparent diffusion
coefficient (ADC), mean diffusivity (MD), fractional anisot-
ropy (FA) and proton MR spectroscopy (pMRS). Recent MRI
studies [11,12] have shown the potential of quantitative MRI
to improve the diagnostic process of ALS.

Thus, we elected to perform a cross-sectional imaging
study in order to further evaluate the potential of quantita-
tive MR techniques (voxel-based morphometry (VBM), T2-
relaxometry, FA, MD) in the diagnostic process of ALS and
to further investigate the extent to which other brain regions
are affected in ALS, especially the basal ganglia and non-
motor areas.

Materials and methods

Participants

A total of thirty-three subjects fulfilling the El-Escorial
criteria [13] for clinically definite ALS were included in
the study (18 men, 15 women; mean age 62.0 ± 8.0 SD;

disease duration 3–59 months); twenty subjects diagnosed
with a limb-onset form of ALS, and thirteen diagnosed with
a bulbar-onset form (Table 1). Disease severity was assessed
with the ALS Functional Rating Scale (ALS-FRS), produc-
ing a score between 0 (worst) and 40 (best) [14]. As the total
ALS-FRS score results from a mixture of both bulbar and
limb origin impairment, we elected to split the scale to limb
and bulbar components (Table 2) to allow the correlation of
motor system morphology with clinical signs of motor dis-
ability. All subjects were further evaluated for the presence
or absence of dementia by a series of neuropsychological
tests [15]. Nineteen subjects exhibited a predominantly fron-
tal-type cognitive impairment and behavioural disturbances
consistent with FTLD, while twelve subjects were found to be
cognitively normal. The results of neuropsychological exam-
ination were not available for two subjects.

Thirty healthy, age-matched volunteers (16 men, 14
women; mean age 59.7 ± 10.0 SD) were also included in
the study as a control group. All volunteers underwent an
examination to exclude neurological disease. The study was
approved by the local ethics committee and all participants
provided signed informed consent.

MR protocol

Imaging was performed on a Siemens Symphony 1.5-Tesla
System (Erlangen, Germany). Structural MR images were
acquired using a T1-weighted magnetization-prepared rapid
acquisition gradient echo (MP-RAGE) sequence (TR =
2140 ms, TE = 3.93 ms, flip angle=15 degrees, TI = 1100
ms, 160 axial slices, 1.65 mm slice thickness, x–y reso-
lution 0.9 ! 0.9 mm, FOV 238 mm) and a standard TSE
T2-weighted sequence covering the entire brain and cere-
bellum. T2 relaxometry data were acquired by a single slice
Carr-Purcell-Meiboom-Gill (CPMG) sequence (32 interecho
times of 14.4, 24.8, 37.2 to 396.8 ms; TR = 3000 ms;
in-plane resolution 0.89!0.89 mm; slice thickness 4 mm) in
the region of the basal ganglia. Diffusion data were obtained
using a Siemens work in progress (WIP) package with
b-factors of 0, 400, and 1100 measured along 30 non-col-
linear directions (TR = 7900 ms, TE = 101 ms, 70 axial
slices, NEX = 2, 1.25 ! 1.25 ! 2.5 mm).

MR data evaluation

T2-weighted images covering the whole brain as well as raw
data for quantitative analysis were evaluated to exclude other
significant pathologies. VBM and T2 relaxometry studies
were performed in thirty-one subjects (16 men, 15 women;
mean age 61.6 ± 8.0 SD). CPMG and VBM sequences
were either incomplete or affected by artefacts in two sub-
jects, and were excluded from VBM and T2 analysis. VBM
analysis was performed using SPM2 (Wellcome Department
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Table 1 Demographic data for
ALS patients

ALS Amyotrophic lateral
sclerosis, Y years, FRS
Functional rating scale,
FRS-Limb Limb component of
FRS, FRS-Bulbar Bulbar
component of FRS, R
Relaxometry, D Dementia
a in years; b in months; c not
reported

Case no. Agea Sex FRS FRS-Limb FRS-Bulbar Form Dementia Durationb Scan

ALS patient group
1 66.1 M 31 18 13 Limb yes 13 R

2 58.5 M 31 15 16 Limb yes 7 R

3 67.5 M 33 24 9 Bulbar yes 13 R, D

4 39.5 M 32 18 14 Limb yes 54 R, D

5 56.6 M 37 21 16 Limb no 9 R

6 76.2 M 36 24 12 Limb yes 21 R

7 67.1 F 35 24 11 Bulbar yes 24 R

8 68.8 M 31 15 16 Limb yes 13 R

9 61.0 F 24 9 15 Limb yes 14 R

10 61.9 F 33 20 13 Bulbar yes 8 R

11 49.2 M 37 21 16 Limb no 9 R, D

12 65.6 M 38 24 14 Bulbar yes 4 R

13 68.4 M 36 23 13 Bulbar yes 7 R, D

14 65.5 F 36 24 12 Bulbar yes 17 R

15 56.7 M 38 24 14 Bulbar no 21 R

16 61.1 M 30 15 15 Limb yes 8 R

17 63.3 F 30 16 14 Limb yes 12 R

18 58.9 M 29 13 16 Limb yes 11 R

19 59.0 F 39 24 15 Bulbar no 8 R

20 52.0 F 34 21 13 Bulbar no 9 R

21 59.7 F 37 24 13 Bulbar no 12 R

22 52.9 M 38 22 16 Limb no 59 R, D

23 66.1 F 32 16 16 Limb yes 15 R

24 64.8 M 40 24 16 Limb c 5 R

25 70.9 M 37 21 16 Limb yes 14 R, D

26 47.3 F 32 19 13 Limb no 8 R

27 53.0 M 38 24 14 Bulbar no 13 R

28 78.6 F 36 24 12 Bulbar yes 14 R, D

29 73.3 F 33 24 9 Bulbar no 25 R, D

30 60.3 M 39 23 16 Limb no 29 D

31 65.2 F 37 21 16 Limb yes 25 R, D

32 71.6 M 38 22 16 Limb no 41 D

33 57.6 M 31 22 9 Limb c 13 R, D

of Cognitive Neurology, London, UK) in the Matlab 6.5.1
environment (MathWorks, Natick, MA, USA) as previously
described [16]. To suppress differences in image quality in
comparison with the SPM T1-template, customized whole-
brain T1 and tissue probability templates were used. The
tissue probability templates were prepared by spatial normal-
ization of the native T1 images to the SPM T1-template using
both the patient and healthy volunteer groups, followed by
segmentation into grey matter, white matter, and CSF com-
partments. The images were then blurred using an 8- mm full
width at half maximum (FWHM) filter, averaged, and finally
processed according to an optimized VBM protocol [16–18].

The original native T1 images were segmented, and the grey
matter maps were normalized to the customized grey mat-
ter template. The normalization was processed by means of
a 12-parameter affine transformation compensated for non-
linear shape differences [19,20]. The resulting normaliza-
tion parameters were used to normalize the native T1 images
before final segmentation. Simultaneously, inhomogeneities
in the intensity of different grey and white matter regions
were corrected for. All spatially normalized, segmented vol-
umes were checked visually to identify any obvious tis-
sue misclassification. Voxel values were then modulated by
the Jacobian determinants derived from the normalization
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Table 2 ALS-FRS questionnaire divided into limb and bulbar compo-
nents

Bulbar Limb

ALS-FRS components
Speech Handwriting

Salivation Cutting food, handling utensilsa

Swallowing Dressing and hygiene

Dyspnoea Turning in bed and adjusting bedclothes

Walking

Climbing stairs

ALS Amyotrophic lateral sclerosis, FRS Functional rating scale
a Patients without gastrostomy

process to provide local intensity correction due to regional
volumetric signal expansion/reduction, thus preserving the
volumes altered by nonlinear deformation [19]. Modulated
grey and white matter maps were subsequently blurred iso-
tropically using a 10- mm FWHM filter.

To verify the negative patient-control t-test, SPM8 with
DARTEL [21] was used, correcting for age, sex, and intracra-
nial volume. DARTEL is based on a fast diffeomorphic image
registration algorithm using a “flow field” that is exponen-
tiated to generate both forward and backward deformations.
Segmentation is first performed followed by rigid transfor-
mation of the tissue class images, such that they are in as
close alignment as possible with the tissue probability maps.
Registration is then performed, which involves the simulta-
neous registration of grey and white matter. The mean of all
images is used as an initial template, and the deformation
each of the individual images to the template is computed.
The template is then re-generated by applying the inverse of
the deformation to each image and averaging. This procedure
is repeated a number of times, and finally warped versions
of the images are stored. The result of this process is better
data coregistration in comparison with the optimized VBM
approach using SPM2.

T2 relaxometry data were analysed using ImageJ viewer,
placing circular regions of interest (ROIs) measuring twenty-
one square millimetres in the bilateral frontal white mat-
ter (FWM), frontal grey matter (FGM, cingulate gyrus) and
PLIC. The basal ganglia (head of caudate nucleus, globus pal-
lidus and putamen) were manually outlined bilaterally using
freehand selection (Fig. 1). ROI placement was determined
on the highest contrast T2 image, and the average signal data
for each echo time were stored [22], generating 32 intensity
values for each ROI. We performed nonlinear regression for
each ROI using a monoexponential decay model for average
signal intensity and interecho time with GraphPad Prism 4
(GraphPad Software Inc., La Jolla, CA, USA). PD values
were individually calculated for echo time 0 in each ROI. T2
relaxation rate (R2, R2 = 1/T2) and proton density (PD) sig-

Fig. 1 Outlined regions of interest bilaterally: frontal white matter
(1,6), frontal grey matter (4, 9), head of caudate nucleus (2,7), puta-
men (5,10), globus pallidus (3, 8), and internal capsule (not numbered)

nal were statistically analysed using R-project version 2.4.1
[23] as described further.

Twelve subjects (9 men, 3 women; mean age 62.97 ±
11.0 SD) and twelve healthy volunteers (9 men, 3 women;
mean age 63.22 ± 10.7 SD) were included in the DTI
study. Diffusion weighted images were processed off-line
in FSL (FMRIB Software Library [24]). After eddy-current
and motion correction, brain extraction was performed using
BET (brain extraction tool [25]) and DTIFit was then used
to calculate the scalar invariants of the tensor. DTIFit gener-
ates 3D images at the same matrix size and resolution as the
original diffusion images, including a raw T2-signal image
with the same distortions as the diffusion weighted images.
FA and MD were measured using ImageJ viewer, with cir-
cular ROIs measuring twenty-one square millimetres placed
by a single observer (J.K.) in both the relaxometry and DTI
studies. When analysing the CST region corresponding to
the atrophy detected by VBM, ROIs were placed directly on
the FA/MD maps (see Results). All other ROIs were placed
directly on the T2 maps created by DTIFit, and then projected
on the corresponding FA/MD map.

To validate the ROI approach, voxelwise statistical analy-
sis of the FA data was carried out using TBSS (Tract-Based
Spatial Statistics, [26]), part of FSL [24]. TBSS projects the
FA data of all subjects onto a mean FA tract skeleton derived
from the whole data set before applying voxelwise cross-sub-
ject statistics. For this analysis, only the upper slab covering
the brain from the vertex to mesencephalon was used. The
skeleton was built using an FA threshold >0.3. An unpaired
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t-test was then used to compare FA values in the patient and
control group.

Statistical analysis

VBM data were statistically analysed by group comparison
between patients and controls. Linear regression of local grey
and white matter values in each voxel and the limb ALS-FRS
score was performed. Montreal Neurological Institute (MNI)
coordinates were used for the topographical description of
results. Results were thresholded at a corrected cluster-level
of P < 0.01.

The R2 for each ROI was calculated as stated earlier.
Normality was tested by the Shapiro test at a P-value thresh-
old of <0.05. Linear regression analysis of R2 over age and
ALS-FRS was performed and P-values were calculated. As
normality of R2 in patients and controls was not confirmed
by the Shapiro test in any region, a single-tailed Wilcoxon
two-sample test was used for intergroup comparisons using
an a priori hypothesis of decreased R2 in the patient group.
Initially a P-value threshold of <0.05 was used, then Bon-
feronni correction was applied to decrease the alpha value
threshold to 0.007. The same methodology was used to eval-
uate the correlation between FA/MD, age, and clinical scale.

Results

VBM analysis of 31 ALS patients (confounding covariates:
age, sex, intracranial volume as reported by SPM2) revealed a
statistically significant correlation between decreased white
matter intensity in the corona radiata and the limb compo-
nent of ALS-FRS (Fig. 2a). The region of this correlation
(x = 22, y = "27, z = 51; T = 3.48; P < 0.01 cluster-
level corrected) is shown in Fig. 2b. This region was further
investigated by diffusion analysis in a subgroup of twelve
patients, and no correlation between clinical scale/age and
FA/MD was observed.

An unpaired t-test corrected for age, sex and brain volume
was used for comparison of both white and grey matter inten-
sities. In SPM2 no significant correlations were observed.
SPM8 (using DARTEL, P < 0.05 family-wise error (FWE)
corrected) revealed decreased white matter intensity in the
corona radiata bilaterally (Fig. 3). One of the blobs is very
near the correlation site in the precentral gyrus (position x =
28, y = "23, z = 54; T = 5.89; P < 0.05 FWE). Using a
threshold of P < 0.0001 uncorrected, the site of correlation
with the limb component of FRS is included in the resulting
statistical map.

We detected significantly decreased R2 in the head of
the caudate nuclei (left P < 0.005, right P < 0.05, uncor-
rected) in ALS patients in comparison with healthy volun-
teers (Table 3). No dependence of R2 on the duration of

Fig. 2 a Voxel-based morphometry (VBM) fitted white matter inten-
sity in correlation with the limb component of the ALS Functional Rat-
ing Scale (ALS-FRS). b Region of statistically significant correlation
between white matter atrophy and the limb component of ALS Func-
tional Rating Scale (ALS-FRS). T-value represented by colour gradient

disease was observed, with a similar increase in R2 observed
across the range of disease duration present in our cross-
sectional study. Lower R2 was also present in the deep FWM
in ALS patients in comparison with controls (left and right
P < 0.005). No statistically significant differences in the
head of the caudate nuclei or FWM were found between the
subgroups of ALS patients with/without cognitive deficit.
After Bonferroni correction (corrected alpha value 0.007),
the statistically significant differences between patients and
controls in the head of the left caudate nucleus and bilateral
FWM remained. R2 in the FWM correlated with age in both
patients and controls (Fig. 4). Changes of R2 in the FGM did
not exceed the statistical threshold.

No statistically significant changes were detected in the
PLIC, a region suspected of signal intensity changes in ALS.
Changes in R2 in this region did not exceed the statistical
threshold nor did any differences in PD (Figs. 5 and 6). T2
hyperintensity in the PLIC was qualitatively appreciated at
least unilaterally in all patients and controls (Fig. 7).

Using an ROI-based approach, no correlation between
clinical scale/age and FA/MD was observed in the PLIC.
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Fig. 3 Voxel-based morphometry using DARTEL (fast diffeomorphic
image registration algorithm). Difference between white matter inten-
sity in patients and controls. a P < 0.05 family-wise error corrected,
crosshair indicates correlation site with the limb component of ALS
Functional Rating Scale (ALS-FRS) (for details see Fig. 2). b P <
0.0001 uncorrected

Furthermore, no significant differences in FA were detected
between patients and healthy volunteers in the PLIC or FWM.
We therefore elected to perform TBSS on the upper slab of
diffusion data. No correlation with FRS was found, but a sig-
nificant difference (P < 0.05 corrected) between the patient
group and control group was present in the corona radiata
(Fig. 5).

Discussion

We found a statistically significant correlation between
decreased white matter intensity in the corona radiata and
ALS-FRS (Fig. 2) in ALS patients. White matter analysis
using DARTEL further revealed lower white matter inten-
sity in ALS patients compared to healthy controls in the same
anatomical location. Our findings suggest that as in other neu-
rodegenerative diseases, FWM atrophy may be a surrogate

Table 3 T2 relaxation time in milliseconds for patients and controls

Region Patients SD Controls SD P-value

ALS relaxometry results
Head CN, L* 99.7 6.4 95.6 3.4 0.0018

Head CN, R 99.0 7.1 96.6 4.5 0.0232

FWM, L* 88.8 7.8 84.0 4.9 0.0019

FWM, R* 88.2 6.3 84.4 4.5 0.0044

GP, L 72.0 5.4 73.0 5.7

GP, R 72.2 5.9 73.7 6.6

CG, L 107.9 8.6 107.1 4.0

CG, R 105.2 10.6 107.6 5.4

Putamen, L 88.8 5.9 87.8 5.6

Putamen, R 88.4 6.9 88.7 6.3

CST, L 107.3 7.0 106.5 4.4

CST, R 107.6 6.6 108.0 5.2

ALS Amyotrophic lateral sclerosis, SD Standard deviation, L Left, R
Right, CN Caudate Nucleus, FWM Frontal white matter, GP Globus
pallidus, CG Cingulate gyrus, CST Corticospinal tract
Significant difference as reported by single-tailed Wilcoxon test marked
as * P < 0.05 after Bonferroni correction

marker of ALS pathology on MRI rather than cortical grey
matter involvement. A similar observation was made by Sage
et al. [27], where a correlation between the entire ALS-FRS
scale and FA in the same region was found. The demographic
data of our study and the study of Sage et al. are similar in the
number of patients included as well as in the post-processing
algorithm.

VBM in ALS has been performed in various studies, often
with controversial results. For instance, Mezzapesa et al. [28]
described signs of frontotemporal atrophy in ALS patients
compared to controls. Kassubek et al. reported similar results
[29]. Agosta et al. [30] found lower grey matter density in the
superior temporal gyri bilaterally, as well as in the right pre-
central and left inferior frontal gyri. Chang et al. [31] reported
atrophy of the medial frontal gyrus. These studies differ in
the number of patients included and the methodology used.
This may, at least in part, explain the discrepancies in their
results.

The use of an “optimized” VBM protocol as suggested
by SPM2 and used by default in SPM5 resulted in false-
negative results in the group comparison, contrary to DAR-
TEL implemented in SPM8. These differences are not widely
appreciated and should be taken in account when planning
or interpreting VBM studies.

To the best of our knowledge, this is the first published
account of changes in T2 relaxation rate in the head of cau-
date nucleus in ALS. Atrophy of the head of the left caudate
was found in a subgroup of rapidly progressing ALS patients
in another study [32]. These observations support the hypoth-
esis that subcortical grey matter areas may be significantly
involved in the pathogenesis of ALS. Significant changes of
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Fig. 4 Correlation between T2
relaxation rate (inverse seconds)
and age (years)

Fig. 5 Tract-based spatial
statistics (TBSS) comparison of
FA between patients and
controls (t-test
patient < control, P < 0.05
corrected, skeleton threshold
0.3)

T2 relaxation rate in this region are of further importance
as the caudate nucleus has been used as an internal refer-
ence in qualitative and quantitative studies of ALS patients

[33–35]. It is interesting to note that the relaxation rate
changes detected in this region were not dependent on disease
duration. This suggests that decreased R2 is already present
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Fig. 6 Comparison of R2
(inverse seconds) between
patients and controls in various
brain regions. Bars represent the
mean and error bars represent
standard deviation. L left, R
right, CN head of caudate
nucleus, FWM frontal white
matter, GP globus pallidus, CG
cingulate gyrus, PUT putamen

in the earlier stages of the disease and could therefore serve
as an early marker of disease activity. Future investigation
should focus on quantifying changes in head of the caudate
nuclei in a large group patients in the earliest stage of ALS.

Significant changes in the T2 relaxation rate of the caudate
nucleus are not surprising when considering that ALS is not
limited to the motor system and that relaxometric changes in
the basal ganglia have been observed in other neurodegenera-
tive diseases [36]. T2 contrast in the deep grey matter nuclei
is predominantly determined by tissue iron in metallopro-
teins [37,38]. A decrease in the metalloprotein-bound iron
(“safe” iron) results in a relative decrease in R2, and more
iron in the low molecular forms (“toxic” iron) is available.
We propose that the significant T2 relaxation rate changes
in the left caudate nucleus observed in our study are related
to iron deposition in this region. The observed changes can-
not be explained by a change in water content as the proton
density did not differ between patients and controls.

We also detected significantly decreased R2 in the bilateral
FWM of ALS patients compared to controls. Therefore, we
recommend that FWM (as well as head of caudate nuclei,
see above) should not be used as an internal reference for
the assessment of increased signal intensity in various brain
regions in ALS [34,35]. The T2 relaxation rate in the FWM
was also found to correlate with age in both patients and
controls. Bartzokis et al. demonstrated the age dependence
of R2 in the FWM at both 0.5 and 1.5 Tesla field strengths
in healthy subjects [39]. A trend towards a steeper decrease
of T2 relaxation rate with age in our group of ALS patients
was observed, but the difference did not reach the statistical
threshold. As age-related changes in the FWM were detected
in both patients and controls, this may indicate that decreased

R2 in the FWM is age-dependent and that ALS does not influ-
ence this correlation significantly.

No statistically significant changes were detected in the
PLIC, a region suspected of signal intensity changes in ALS.
T2 hyperintensity in this area, labelled as CI3 in histolog-
ical studies, was observed in nearly all subjects. A confo-
cal microscopy study by Axer [40] revealed that fibres of
the corticospinal tract (running superoinferior) cross fibres
of the upper thalamic peduncle (running anteroposterior) in
this region. In section, a pale area in the most posterior part
of internal capsule was more difficult to discern and was less
stained by silver than by myelin stain in ALS subjects. This
area included thinner axons (> 0.8 µm), surrounded by “free
space”. The posterior aspect of the area was clearly delim-
ited, and the anterior aspect disappeared gradually. In ALS
patients, the loss of thin myelinated fibres in this area has
been proven [41]. Even though these findings would suggest
decreased R2 in this area, our study quantitatively confirms
earlier statements [9,10] that the relatively hyperintense sig-
nal in this part of the internal capsule is a physiological variant
and not disease related as was believed [4,42].

TBSS revealed decreased FA in the area corresponding to
the site of atrophy detected by VBM in ALS patients com-
pared to healthy volunteers. These changes were observed in
the corona radiata, and no changes were detected in the lower
parts of the pyramidal tract. No changes in FA in the cortico-
spinal tract were found using an ROI-based approach. This
can be at least partially explained by the process of averag-
ing the data on the skeleton in a voxel-wise manner, which,
in contrast to an ROI-based approach, is not influenced by
selection size or a priori knowledge. Moreover, an ROI posi-
tioned close to fine white fibres is more prone to noise.
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Fig. 7 T2 hyperintensity in the posterior limb of the internal capsule
(arrow) in a healthy volunteer

No changes in the FWM were detected by means of TBSS
or ROI-based methods. Decreased FA in the callosal body
is in agreement with current knowledge of fronto-temporal
lobar degeneration. Therefore, future research should focus
more on fine fibres. Changes in R2 and not FA in this region
can be explained by demyelinating changes in the white mat-
ter that precede changes in anisotropy. Thus, changes in T2
relaxation rate may precede decreased diffusion anisotropy.

Although a direct comparison of the quantitative MR
methods used in our study is not fair as the sequences used
differ in slice thickness (ranging from 1.65 to 4 mm) and in-
plane resolution, thereby exhibiting various signal-to-noise
ratios, our data suggest that a combination of several quanti-
tative methods may be the key to improving the role of MRI
in the diagnostic process.

Conclusions

We have demonstrated that pathological changes in ALS are
widespread and not limited to only the motor system. R2
in the head of the left caudate and bilateral FWM differs
between ALS patients and controls, and these regions can-
not be used as an internal reference of “healthy tissue” as in
previous studies. A significant correlation was also observed
between white matter intensity in the corona radiata and the
limb component of ALS-FRS, suggesting that FWM atro-
phy rather than cortical grey matter involvement may be a
surrogate marker of ALS pathology on MRI. TBSS further

revealed decreased FA in ALS patients in the corona radi-
ata and callosal body, reflecting pathological changes in the
motor pathway and white matter of the frontal and temporal
lobes. These findings indicate regions that may be important
in the future diagnostic process of ALS.

Although T2 hyperintensity in the PLIC has been con-
sidered a marker of ALS, our quantitative analysis of the
pyramidal tract passing through the PLIC did not reveal any
significant differences between ALS patients and healthy
volunteers. This indicates that T2 hyperintensity in the PLIC
should no longer be considered a marker of ALS on MRI.
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Appendix B

1 #!/bin/bash
2

3 ####################################################
4 ## dap - adjust alpha or p-values according ##
5 ## to D/AP method (Sankoh, Stat Med 1997) ##
6 ## ##
7 ## A.M. Rulseh - aarulseh@gmail.com ##
8 ## licensed under a Creative Commons Attribution - ##
9 ## NonCommercial -ShareAlike 3.0 Unported License. ##

10 ####################################################
11

12 NO_ARGS=0
13 E_OPTERROR=85
14 usage() {
15 cat << EOF
16

17 Usage: `basename $0` <-a|-p> [options]
18

19 Default behavior: D/AP procedure applied to Sidak, return
either corrected alpha or p-value.

20

21 required (one):
22 -a : return corrected alpha level
23 -p : return corrected p-value
24 options:
25 -b : use bonferroni (sidak by default)
26 -n : nominal alpha
27 -u : uncorrected p-value
28 -t : number of tests (n(n-1)/2)
29 -c : mean correlation (0-1) (see also meanCor script)
30 -q : quiet, just return the requested value
31 -h : display usage and exit
32

33 EOF
34 }
35

36 if [ $# -eq "$NO_ARGS" ]; then # no args?



37 usage
38 exit $E_OPTERROR
39 fi
40

41 while getopts ":hapqbn:u:t:c:" opts; do
42 case $opts in
43 h) usage; exit 0;;
44 a) ALPHA="yes";;
45 p) PVAL="yes";;
46 q) QUIET="yes";;
47 b) BONF="yes";;
48 n) NOMI="${OPTARG}";;
49 u) UNPV="${OPTARG}";;
50 t) TEST="${OPTARG}";;
51 c) CORR="${OPTARG}";;
52 \?) echo "Invalid option: -$OPTARG"; exit 1;;
53 :) echo "Option -$OPTARG requires an argument."; exit

1;;
54 esac
55 done
56 shift $(($OPTIND - 1))
57

58 if [[ ! "$ALPHA" && ! "$PVAL" ]]; then
59 usage
60 exit 1
61 elif [[ "$ALPHA" && "$PVAL" ]]; then
62 usage
63 exit 1
64 fi
65

66 if [[ "$ALPHA" && ! "$NOMI" ]]; then
67 echo -n "enter alpha level: "
68 read alpha
69 elif [[ "$ALPHA" && "$NOMI" ]]; then
70 alpha="$NOMI"
71 elif [[ "$PVAL" && ! "$UNPV" ]]; then
72 echo -n "enter uncorrected p-value: "
73 read pval
74 elif [[ "$PVAL" && "$UNPV" ]]; then
75 pval="$UNPV"
76 fi
77

78 if [[ "$TEST" ]]; then
79 tests="$TEST"
80 else
81 echo -n "enter number of tests: "
82 read tests
83 fi
84 if [[ "$CORR" ]]; then



85 corr="$CORR"
86 else
87 echo -n "enter mean correlation: "
88 read corr
89 fi
90

91 if [[ "$ALPHA" && ! "$BONF" ]]; then
92 aalpha=$(perl -e "{print (1-((1-$(echo

"$alpha"))**(1/($(echo "$tests")**(1-($(echo
"$corr")))))))}")

93 elif [[ "$ALPHA" && "$BONF" ]]; then
94 aalpha=$(perl -e "{print ($(echo "$alpha")/($(echo

"$tests")**(1-($(echo "$corr")))))}")
95 fi
96

97 if [[ "$ALPHA" ]]; then
98 if [[ ! "$QUIET" ]]; then
99 echo "adjusted alpha is: "$aalpha""

100 else
101 echo "$aalpha"
102 fi
103 fi
104

105 if [[ "$PVAL" && ! "$BONF" ]]; then
106 a_p=$(perl -e "{print (1-((1-$(echo "$pval"))**(($(echo

"$tests")**(1-($(echo "$corr")))))))}")
107 elif [[ "$PVAL" && "$BONF" ]]; then
108 a_p=$(perl -e "{print ($(echo "$pval")*($(echo

"$tests")**(1-($(echo "$corr")))))}")
109 fi
110

111 if [[ "$PVAL" ]]; then
112 if [[ ! "$QUIET" ]]; then
113 echo "adjusted p-value is: "$a_p""
114 else
115 echo "$a_p"
116 fi
117 fi



1 #!/bin/bash
2

3 ####################################################
4 ## meanCor - get the mean correlation of off- ##
5 ## diagonal elements in one or more correlation ##
6 ## matrices ##
7 ## ##
8 ## A.M. Rulseh - aarulseh@gmail.com ##
9 ## licensed under a Creative Commons Attribution - ##

10 ## NonCommercial -ShareAlike 3.0 Unported License. ##
11 ####################################################
12

13 usage() {
14 cat << EOF
15

16 Usage: `basename $0` [options] <files>
17

18 Default behavior: return mean intra- and inter-correlation
of one or more matrices. Requires raw, numerical data
as input, correlation matrices are generated by the
script.

19

20 required:
21 <files>: one or more csvs
22 options:
23 -c : comma-separated columns to use (e.g., "1,4,5,6")
24 -h : display usage and exit
25

26 EOF
27 }
28

29 while getopts ":hc:" opts; do
30 case $opts in
31 h) usage; exit 0;;
32 c) COL="${OPTARG}";;
33 \?) echo "Invalid option: -$OPTARG"; exit 1;;
34 :) echo "Option -$OPTARG requires an argument."; exit

1;;
35 esac
36 done
37 shift $(($OPTIND - 1))
38 wd="$PWD"
39

40 if [[ ! "$@" ]]; then
41 usage
42 exit 1
43 fi
44

45 if [[ ! "$COL" ]]; then



46 COL='1:ncol(main)'
47 fi
48

49 count=0
50 for v in "$@"; do
51 R --slave --vanilla --no-save <<-CORR
52 setwd("$wd")
53 main <- read.csv("${v}")
54 attach(main)
55 main_cbind <- cbind(main[,c($(echo "$COL"))])
56 A <- cor(main_cbind)
57 sink("/tmp/tmpR")
58 mean(A[row(A)!=col(A)])
59 sink()
60 CORR
61 if [ $? -gt 0 ]; then
62 echo "R error"
63 exit $?
64 fi
65 corr[$count]=$(cat /tmp/tmpR|cut -d' ' -f2)
66 echo "$v,${corr[$count]}"
67 (( count++ ))
68 done
69

70 count=0
71 sum=0
72 for i in ${corr[@]}; do
73 sum="$(echo "$sum + $i"|bc)"
74 (( count++ ))
75 done
76 echo "avgCor = $(echo "scale=3; $sum / $#"|bc)"



Colophon

Tusing LATEX, originally developed by
Leslie Lamport and based on Donald

Knuth’s TEX, and compiled using the X ETEX
typese ing engine, developed by Jonathan
Kew. e body text is set in point Arno
Pro, designed by Robert Slimbach in the
style of book types from the Aldine Press in
Venice, and issued by Adobe in .
Figures illustrating the results of statistical
tests were generated in the R programming
environment, using the ggplot and pROC
packages. All gures were additionally
processed using the open source
imagemagick command-line tools.

http://www.r-project.org/
http://www.ggplot2.org/
http://web.expasy.org/pROC/
http://www.imagemagick.org/
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