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Introduction

Non-invasive clinical MRI relies on the intrinsic behavior of water protons to
provide a contrast between tissues. Various techniques are used to sensitize images
to different contrast types such as T1- and T2-weighting, but these parameters are
not directly linked to the functional physiology of the tissue being examined.
Movement of water within and between cellular compartments can provide valuable
information about tissue structure and function, and therefore, diffusion MRI has
evolved into a sophisticated technique. In addition to providing the scalar diffusion
coefficient from a purely isotropic medium, a more advanced MR technique, DTI,
is capable of providing a quantitative, directionally-estimated diffusion parameter
that is useful in regions of high anisotropy (or the degree from which diffusion
deviates from a spherical distribution), for example, in the white matter tracts of the
brain. These tensors can be related to the brain architecture, sensitive to pathophysi-
ological conditions such as white matter tract injury and edema (Leung et al. 2004;
Price et al. 2006).

Diffusion Magnetic Resonance Imaging

Diffusion MRI is an important imaging method, designed to sensitize images to the
random translation motion of water molecules. The rate of diffusion of protons
on these water molecules depends on many physical parameters including mem-
brane permeability, extracellular volume fraction and local water concentrations
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(Latour et al. 1994). Because of these physical components influencing the path of
the proton, the distribution of movement allows for a unique insight into the geometri-
cal structure and organization of tissues being examined. Unlike other MR method-
ologies that require the use of exogenous contrast agents or alteration of basic MRI
parameters for assessment of tissue T1 or T2 relaxation, diffusion is completely
independent of these physical parameters or magnetic field.

Physical Concepts

Pulsed field gradients are a useful way to measure the diffusion of water protons
because they are non-destructive, and in most cases with MR modalities, it is a non-
invasive measurement (i.e., no chemical tracers are introduced or are necessary for
sensitization of these images to diffusion). The modification to the Hahn echo
for water diffusion measurement resulted in the Stejskal-Tanner’s derivation for
the effect of anti-phased, amplitude-matched, time-dependent field gradients in the
presence of spin diffusion (Stejskal and Tanner 1965). The two gradient pulses of
duration § and amplitude G are separated by a diffusion time A. Following the
90° pulse, the first diffusion gradient pulse introduces a phase shift in the nuclei in
the direction of its application. After a finite time period, a 180° refocusing pulse
inverts the phase shift and the second amplitude-matched gradient induces phase
shifts identical to those induced by the first gradient pulse. Stationary spins will
be phased back to their original phase following the 180° pulse. If a spin has diffused
from its position at the moment of the first gradient pulse, the second gradient pulse
will fail to refocus the spin to its initial phase. A measure of the extent of locomotion
a spin or a group of spins will undertake is represented by the diffusion coefficient.
Signal attenuation resulting from this incomplete refocusing, or diffusion of spins
is represented as:

S=8,e"” (1)

where b=—y> G* 6*(A- 8/3), vis the gyromagnetic ratio of a hydrogen proton and
S, is the net magnetization of the system when no diffusion weighting is applied
(i.e., G=0). The diffusion coefficient, D, is often referred to as the ‘apparent’ diffusion
coefficient (ADC) because each voxel in an image may represent numerous tissue
types, and measured diffusion coefficients may reflect motion of water molecules
from both the intra- and extra-cellular compartments in those tissues.

A simple diffusion MRI experiment is usually acquired with diffusion-weighting
in three orthogonal directions. One image, required for an accurate estimation of S,
is acquired with no diffusion-weighting. The images acquired with diffusion-weighting
are geometrically averaged to provide an average diffusivity (van Gelderen et al.
1994). The diffusivity of a group of spins is typically reflective of the directionally
averaged ADC.
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Diffusion Tensor Imaging

Although diffusion MRI provides valuable information regarding the average
mobility of tissue water, the values are relegated to a single scalar parameter that
does not reveal the underlying directional motion of water that arises due to physical
barriers (e.g., cellular membranes). This section reviews the physical basis of a more
advanced diffusion MR acquisition technique that is capable of evaluating the
more comprehensive three-dimensional motion of tissue water in space.

Physical Concepts

There exist some structures in which the diffusivity has a high directional dependence,
or anisotropy. Anisotropy is a concept that was originally contemplated in vivo in
the brain white matter and the spinal cord (Chenevert et al. 1990; Moseley et al.
1990). Diffusion anisotropy is quite high in asymmetric tissues like muscle fibers
or white matter in the brain, which is primarily composed of collateral myelinated
axonal fibers. This straightforward method of measuring diffusion may be considered
a ground-level acquisition of the true geometrical and structural milieu of the system.
A more sophisticated measure of diffusivity can be encoded into a diffusion tensor,
or a three-dimensional representation of diffusion in the tissue:

D 2
D

The diffusion tensor is derived from diffusivity measurements in at least six
non-collinear directions. Since the tensor is positive and symmetric, with these
six measurements, all the values within the matrix are known. Typically, many more
directions are used to scan space more uniformly and avoid sampling direction
biases, a paradigm that is necessary for more complex applications such as fiber
orientation mapping (Jones et al. 1999; Papadakis et al. 1999).

Once the diffusion tensor components have been acquired, the tensor is diago-
nalized (off-diagonal terms of D are nulled), and the eigenvalues (1), which correspond
to diffusivity, and eigenvectors (€), which correspond to the main diffusion directions,
are provided. In an anisotropic system, the diffusion tensor can be graphically
represented as an effective diffusion ellipsoid. The shape of the ellipsoid has a very
useful physical interpretation. In a given system, very short diffusion times would
result in a relatively isotropic tensor, and the ellipsoid would adopt a spherical
geometry. Longer diffusion times might illuminate the true nature of the anisotropy
in the system, allowing spins to reach their physical barriers and seek alternative
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pathways, resulting in an ellipsoid with a more prolate geometry. Eigenvalues are
the major, medium and minor axes of the ellipsoid, and the associated eigenvectors
dictate the orientation with respect to the main magnetic field.

Several quantitative parameters can be derived from the tensor. The mean
diffusivity (D) is the directionally averaged or mean-squared displacement of the
molecule:

D=A+A,+1,)/3 3)

Another common parameter derived from the tensor is the fractional anisotropy,
which is the fraction of the magnitude of the anisotropy in D:

34— (AN + (A, —(A)* + (A, =(A))’
o 2 V3G = (A + 0 = ()7 + (4, = (2)
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where A denotes the mean of the three eigenvalues. Fractional anisotropy ranges from
0 to 1, where 1 represents a completely anisotropic system.

The lattice index calculates the anisotropy in a voxel by incorporating the anisotropy
value of its nearest neighbor. Though the index benefits from a relative reduction of
noise in the measurement, it suffers from increased partial volume effects (Pierpaoli and
Basser 1996).

The extent to which a tensor adopts a shape can be used in a quantitative manner,
and the physical orientation of the lowest entropic path of water in the laboratory
frame can be mapped to the RGB color vectors in order to display a qualitative
visualization of the variation in anisotropy (Pajevic and Pierpaoli 1999). Fiber
tracking or tractography is a technique that utilizes mathematical algorithms to
identify neighboring voxels from seed regions that would likely be located within
the same fiber tract (Conturo et al. 1999; Mori et al. 1999).

“4)

Diffusion Tensor Imaging in Human Brain Pathologies

Molecular motion of water is considered a direct reflection of physiology, as opposed
to oxygenation (the BOLD effects), or contrast-enhanced MRI, where signal
changes from exogenous contrast agent effects on the intrinsic T1 and T2 relaxation
of tissue protons are indirectly correlated with concentration, and therefore, hemody-
namic physiology. Changes in cell membrane permeability, active transport mecha-
nisms, viscosity, tissue interstitial fluid pressure, and structural integrity of cellular
networks may all contribute to alterations in the microscopic diffusion of water
molecules, especially in the context of a therapeutic insult to normal and pathologi-
cal tissue (Sugahara et al. 1999; Szafer et al. 1995).
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Oncology

The clinical utility of diffusion MRI has been demonstrated quite extensively in
brain tumors, where increased diffusion values were measured shortly after the
initiation of treatment (Batchelor et al. 2007; Mardor et al. 2003) and in some cases,
the magnitude of these changes corresponded to clinical outcomes (Chenevert et al.
2000; Hamstra et al. 2005). Diffusion MRI is thus being heralded as a surrogate
marker of therapeutic response in human brain tumors. Diffusion tensor imaging is
rapidly becoming a routine clinical imaging modality in neuro-oncology, partly
because of its unprecedented insight into the white matter tract anatomy and the
implications for treatment and surgical planning in the context of a tumor, and also
because of its potential quantitative nature.

Field et al. has identified four distinct modes by which a cerebral neoplasm
might alter the natural state of a white matter tract (Field et al. 2004; Jellison et al.
2004). The first pattern of alteration illustrates a mass that displaces the white matter
tract as it develops and expands, but leaves the tract intact. The second pattern of
alteration illustrates a mass that is not in contact with the fiber tract, but rather has
a large edematous region that will not affect the tract location or orientation, but
will induce a large reduction in fractional anisotropy. The third pattern, observed in
only infiltrating gliomas, is characterized by a substantial reduction in the fractional
anisotropy without a substantial bulk mass effect on displacement of the fiber tract.
The fourth pattern, observed in both high and low grade malignant tumors, is char-
acterized by a complete abrogation of anisotropy and directionality such that the
fiber tract was no longer identifiable.

Head Trauma

Head trauma injuries can be defined as either focal or diffuse, with focal injuries resulting
from an external force applied directly on the brain, while diffuse injuries result
from shear strain due to a rapid acceleration and deceleration event followed by a
sudden change in the momentum. The latter type of injury can be further identified
with the extent of diffuse ischemia, histopathologic changes in edema with sub-
sequent diffuse swelling or diffuse axonal injury (DAI). DAI manifests at the
cellular level and is thus considered a microscopic injury (as opposed to focal injury,
which is localized and can be identified macroscopically). A predictable exploratory
evaluation of head injury is initiated with standard Computed Tomography (CT)
imaging. This is followed in many cases by conventional MRI, which is typically
invoked to identify diffuse lesions, though it is limited by low sensitivity for the
extent of injury. Since DTI is capable of elucidating axonal white matter architecture,
it outperforms both CT and conventional MRI for identifying DAI (Huisman et al.
2004; Lee et al. 2003; Ptak et al. 2003; Rugg-Gunn et al. 2001). This specificity can
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have profound effects on the outcome of the injury because various categories of
head trauma have different prognoses and treatment protocols. In general, most
studies find that FA is significantly reduced in the posterior limb of the internal
capsula, genu, stem and splenium of the corpus callosum, column of the fornix and
the centrum semiovale in patients with head trauma compared to healthy, demo-
graphically-matched controls (Akpinar et al. 2007; Naganawa et al. 2004; Nakayama
et al. 2006; Sidaros et al. 2008). In some cases, these values correlated with injury
severity (Akpinar et al. 2007; Nakayama et al. 2006) or long-term outcome (Ptak
et al. 2003; Sidaros et al. 2008), a finding that may ultimately lend FA the tenability
to progress into a non-invasive biomarker for traumatic brain injury.

Huntington’s Disease

Though few studies to date have been published, DTI has been shown to produce
quantitative information, specifically, significant reductions of FA, in both white
and gray matter in patients diagnosed with Huntington’s Disease (Reading et al.
2005; Rosas et al. 2006), as well as in patients with suspected or known mutations in
the Huntingtin gene (Kloppel et al. 2008). Pre-symptomatic (no cognitive impairment)
carriers of the mutation in the Huntingtin gene are important components to this
research because they provide a model for defining the pre-symptomatic versus
early stage of pathophysiology when treatment is likely to be the most effective.
DTI fiber tractography has been used to map the anatomical connections between
the frontal cortex and the striatum, and significantly lower percentages of these
connections were found in pre-symptomatic carriers. Furthermore, this particular
metric was negatively correlated with the onset of symptoms. Thus, DTI indices
may prove to be a valuable measure of the therapeutic outcome, identifying short
to mid-term neurobiological changes.

Pain

DTI has promoted a greater understanding of pain processing and control in
fibromyalgia (Sundgren et al. 2007) and migraines (DaSilva et al. 2007), and the
functional connectivity of the pain processing network (Hadjipavlou et al. 2006).
Fibromyalgia is a chronic pain disorder characterized by widespread tenderness and
sensitivity. The most pronounced differences observed using DTI were significant
reductions in FA found within the right thalamic region, the magnitude of which
were statistically greater in individuals classified as experiencing more intense
clinical pain (Sundgren et al. 2007). However, there were no significant differences
in FA compared to controls in any other region of the pain matrix (i.e., the primary
and secondary somatosensory cortices, the insula, the anterior cingulate, the dorsal
lateral pre-frontal cortex and the basal ganglia). In chronic migraine sufferers, changes
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in the structures involved in the trigeminal pain processing pathway have been
observed (DaSilva et al. 2007). Significant reductions in FA were observed in two
subtypes of migraine sufferers (migraineurs with aura and migraineurs without aura)
compared to controls. Additionally, lower FA values were observed in migraineurs
with aura in the ventral trigeminothalmic tract and in migraineurs without aura in
the ventrolateral periaqueductal gray matter. The changes observed in this study could
be attributed to the increase in the axonal diameter and decrease in the myelination,
and are not necessarily linked to lesion consolidation.

Stroke

The temporal evolution of stroke is categorized into the following phases, relative
to the onset of symptoms: hyperacute (<12 h), acute (1-7 days), subacute (1-16
weeks), chronic (>16 weeks) phase. The ADC decreases within minutes after the
onset of stroke and can remain depressed well into the acute stage of infarction
before pseudonormalization and subsequent increases occur (Huang et al. 2001).
One utility of DTI is that it can reliably differentiate between the white and gray
matter, and therefore, it can be used in the quantification of the ADC in the gray
and white matter separately. In fact, this method has been used to evaluate these
differences over time, from the acute to subacute stage (Mukherjee et al. 2000).

FA is another metric that can reliably differentiate between the gray and white
matter of infracted tissue (Munoz Maniega et al. 2004; Sorensen et al. 1999).
Indeed, a stronger utility for DTT lies in its ability to quantify anisotropy in acutely,
subacutely and chronically ischemic WM. The use of DTI in evaluating hyperacute
stroke, however, has not delivered diagnostically useful information to date (Harris
et al. 2004; Ozsunar et al. 2004).

DTI is used in the evaluation of subacute stroke and in the elucidation of
Wallerian degeneration in the corticospinal tract (CST), demonstrating a negative
correlation between FA and motor function (Moller et al. 2007). Another group
reported reduced FA values in the CST resulting from acute anterior choroidal artery
(AchoA) infarcts, and these values correlated with the long-term motor outcome
(Nelles et al. 2008). Results led investigators to conclude that long-term recovery,
ergo positive clinical outcome is related to the preservation of the integrity (i.e.,
anisotropy) of CSTs. Additionally, reduced FA in the superior longitudinal fascicu-
lus and arcuate fasciculus are correlated with pronounced difficulty to repeat spoken
language (Breier et al. 2008). Directionally encoded color maps and 3D tractography
have been used to relate localization of stroke lesions with WM tracts (Lee et al.
2005; Lie et al. 2004; Yamada et al. 2004) and estimate the level of disruption or
distortion of these tracts (Gillard et al. 2001; Parmar et al. 2006), an index which can
have a significant impact on the prognosis and treatment of the patient. DTT has also
been useful in understanding CADASIL, an autosomal dominant vasculopathy that
causes recurrent ischemic events in the subcortical WM (Chabriat et al. 1999).
Decreases in FA have been shown to parallel disease progression.



54 D.L. Jenning and A.G. Sorensen

In general, the use of DTI during the subacute to the chronic phases of stroke is
better characterized. Along this continuum, FA becomes progressively more attenuated
(Buffon et al. 2005; Yang et al. 1999; Zelaya et al. 1999). It has been suggested that
sensitivity to these variable stages of ischemic proliferation may improve treatment
and ultimately, provide clinicians with the ability to identify and potentially preserve
viable tissue from irreversibly injured tissue (Ozsunar et al. 2004).

Multiple Sclerosis

Although conventional T1-weighted MR Imaging, Magnetic Resonance Spectroscopy
and Magnetization Transfer imaging demonstrate a high sensitivity for identifying
sclerotic lesions, DTI has gained momentum in this arena because it delivers struc-
tural information that can be correlated with disease outcome. DTI has been shown
to differentiate the normal white matter in patients from MS compared to control
subjects (attributed to axonal loss and/or gliosis) (Bammer et al. 2000; Ciccarelli
et al., 2000; Filippi et al. 2001; Werring et al. 1999). It has also been shown to
differentiate between acute and chronic lesions (Bammer et al. 2000; Ciccarelli
et al., 2000; Filippi et al. 2001; Werring et al. 1999) and correlate with disability
(Castriota Scanderbeg et al. 2000; Ciccarelli et al., 2000; Filippi et al. 2001).

Depression

DTT has also been used to correlate changes in FA with late-life depression. Specifically,
reductions in FA have been observed in the frontal and temporal regions of the brain of
patients with late-life depression compared to healthy, age-matched controls
(Alexopoulos et al. 2002; Nobuhara et al. 2006; Taylor et al. 2004); furthermore, FA
values were inversely correlated with severity of symptoms (Nobuhara et al. 2006).

Autism

DTI studies have shown decreased FA values in regions of the brain associated
with social cognition, including areas important for face and gaze processing, (the
fusiform gyrus and superior temporal sulcus) and areas important for emotional
processing (anterior cingulate, amygdala, ventromedial prefrontal cortex) in subjects
with autism compared to control subjects (Barnea-Goraly et al. 2004). Disruptions
have also been observed in the superior temporal gyrus and temporal stem in autism,
areas critical to language and social cognition (Lee et al. 2007). Such disruptions
in the white matter tract organization have been attributed to abnormal levels of
neurotrophic brain factors during brain development (Anderson et al. 1990; Vanhala
et al. 2001).
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Obsessive Compulsive Disorder

Some studies have observed reduced FA values in the rostrum of the corpus callosum
in patients with OCD compared to normal subjects, and values were inversely corre-
lated with symptom severity (Saito et al. 2008). Other studies have shown bilateral
reduction in FA values in the anterior cingulate gyrus in patients with OCD com-
pared to healthy controls. The same study found additional areas of altered FA that
correlated with disease severity including the parietal lobes (supramarginal gyri),
the right posterior cingulate gyrus and the lingual gyrus (Szeszko et al. 2005). One
group showed that drug-naive patients with OCD demonstrated a higher FA in the
corpus callosum, and that following 12 weeks of pharmacotherapy, most of the areas
investigated exhibited a “normalization” or pre- to post-therapy decrease in these
FA values (Yoo et al. 2007). Such a discrepancy has been postulated to be related
to drug-naiveté, treatment period or subject characteristic (e.g., age).

Schizophrenia

A very comprehensive review of 19 studies conducted between 1998 and 2004 has
been published, covering mostly chronic, medicated patients with adult-onset schizo-
phrenia demonstrating altered or abnormal FA, D and RA compared to healthy,
demographically matched controls (Kanaan et al. 2005). The two most common types
of analyses were ROI-based and voxel-based. The majority of studies employed the
former, although the ROI-based methods are subjective, and it is imperative that
repeatability/reproducibility of the method be demonstrated. Voxel-based analyses
are more powerful when DTI is used as an exploratory device, and areas of abnormal-
ity are more diffuse or widespread than focal. Interestingly, there was a great diversity
of anatomical regions studied, though the corpus callosum and cingulum tended to
inspire the most interest. However, for as many studies that found significant
decreases in FA in various regions, there were approximately an equal number that
found no change or abnormality in FA in the same regions.

Since this review, between 2005 and 2008, at least 16 more studies emerged,
with an emphasis on a first episode and early-onset (onset before the age of 18)
demographic; the remaining 44% of the studies still focused on adult-onset schizo-
phrenia. Although many regions were evaluated, the corpus callosum was a com-
mon focus. For the most part, these studies found significant or trend-level
decreases in FA in the corpus callosum (or the study’s particular region of focus, e.g.,
the optic radiation) in the first episode (Cheung et al. 2008; Friedman et al. 2008;
Karlsgodt et al. 2008; Szeszko et al. 2005), early-onset (Ashtari et al. 2007; Kumra
et al. 2005; Kyriakopoulos et al. 2008) and the adult onset schizophrenia
(Buchsbaum et al. 2006; Butler et al. 2006; Hao et al. 2006; Kuroki et al. 2006;
Shergill et al. 2007; Tang et al. 2007). Only one study from each demographic
found no change in the regions studied (Jones et al. 2005; Kendi et al. 2008; Price
et al. 2005) using both ROI- and voxel-based methods.
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Alzheimer’s Disease

DTT has been widely used to understand the pathophysiology of Alzheimer’s disease
(AD), and areas of abnormal white matter FA are consistently observed in the frontal
(Bozzali et al. 2001; Head et al. 2004), parietal (Bozzali et al. 2001; Medina et al. 2006)
and temporal (Bozzali et al. 2001; Takahashi et al. 2002; Xie et al. 2006) cortices. It has
been shown that the corpus callosum is also affected with reductions in FA in both the
genu (Head et al. 2004; Xie et al. 2006) and the splenium (Medina et al. 2006; Rose
et al. 2000). The superior longitudinal fasciculus is commonly affected as well
(Rose et al. 2000; Xie et al. 2006). Studies have also shown that the posterior cingulate
gyrus, which is associated with episodic memory performance, may also contribute to
neurodegeneration. Reduced anisotropy may result in decreases in acetylcholine since
these fibers are an important component to the cholinergic system, providing a possible
reason why procholinergic drugs may be so effective in the treatment of AD.

One study found that the lattice index was significantly reduced in the splenium
of the corpus callosum and in the superior longitudinal fasciculus in patients with
probable AD compared to healthy controls, and that these reductions correlated posi-
tively with the mini-mental state examination (MMSE) scores (Rose et al. 2000).

Mild cognitive impairment (MCI) rests within the continuum of cognitive
decline from normal aging to AD. Similar regions are affected by losses in anisot-
ropy between MCI and AD (Fellgiebel et al. 2004; Medina et al. 2006; Zhang et al.
2007), though attenuation of FA is more pronounced in AD (Fellgiebel et al. 2005;
Zhang et al. 2007). Such sensitivity has engendered hope that DTI will be a useful
methodology to aid in the early diagnosis of AD.

On the mechanism of WM inhomogeneity of AD, it is postulated that a reduced
FA in combination with increased ADC values are derived from Wallerian degen-
eration or ischemic alterations that lead to axonal damage, gliosis and WM rarefaction
(Stahl et al. 2007).

Recent efforts have been made to understand differences in the population of
mutation carriers that increase the risk of developing AD. Lower FA values were
observed in the mean whole brain WM, columns of the fornix, area of the per-
forant pathways bilaterally and the left orbitofrontal lobe in carriers of the familial
Alzheimer’s disease (FAD) mutation in the preclinical stages (some MCI) of the disease
(Ringman et al. 2007). Additionally, lower FA values were observed in the columns
of the fornix and in the left orbitofrontal lobe in carriers of the FAD mutation in the
pre-symptomatic stages (no observable cognitive impairment) of the disease.

DTI and Drug Development

The path to FDA approval of a new pharmaceutical agent or device is made treacherous
by various levels of research and development (R&D), with only a handful entering
preclinical testing (5%). Only 0.1% of the original group will successfully survive
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clinical trials and move on to a regulatory review. The time it takes to finalize the
process can range from 10 to 12 years, and the cost is prohibitively expensive (> $500
million) (Bolten and DeGregorio 2002).

Biomarkers, or a biological marker of a normal or pathological process or
indicator of response to therapy, can be employed in any stage of R&D, from the
drug discovery to Phase IV clinical trials. DTI is considered a functional imaging
method (as opposed to molecular imaging method) because it measures tissue water
mobility and is related to cellular density. In order for some quantitative DTI
parameter to be considered a useful biomarker for response to therapy, among other
things, it must be sensitive and specific (i.e., have a high predictive value) and it
must produce information about the best time to image post-therapy. Because DTI
is such a new method, clinical experience is still accumulating, and thus its link to
more established clinical outcomes such as improvements in patient symptoms or
in survival is not yet well established. This has not prevented investigators from
studying these relationships and even proposing DTI as a surrogate marker. However,
until diffusion or DTI is qualified for use as a surrogate marker in a particular
disease, its greatest application may be in testing biological hypotheses in humans,
and in improving our understanding of how disease and intervention interact. Here
we will describe in detail one application, brain oncology and briefly highlight
other disease potentials as well.

Oncology

A key question in oncology is response rate, in the context of therapeutic trials.
There is precedence, albeit very little, for the use of DTI in measuring tumor
response to therapy. The most compelling example is from a group that attempted
to correlate the mean diffusivity, D, and the fractional anisotropy in a low-grade
glioma to metabolite concentrations obtained from chemical shift imaging, a multi-
voxel spectroscopic acquisition method (Sijens et al. 2007). This particular study
was a case report of a single, 65 year-old male subject with a low-grade glioma.
The subject was treated with 200 mg/m*day temozolomide and imaged after every
6, 9 and 12 cycles of therapy. The highest levels of choline were localized in
the center of the tumor and systematically decreased in the center and over the
whole tumor volume with treatment. The lowest levels of NAA were also localized
in the center of the tumor, though only moderate increases in NAA were observed
throughout the treatment regimen. Nevertheless, a positive correlation between relative
concentrations of NAA and the fractional anisotropy (p<0.001) was demonstrated,
suggesting a re-emergence of existing, functional axonal structures concomitant
with response to therapy. Additionally, a negative correlation was demonstrated
between relative choline concentration and D (p<0.001), suggesting a decrease in
tumor cellularity and altered membrane phospholipid metabolism.

Another important contribution to drug development in brain neoplasia is the ability
of DTI to resolve vasogenic edema and infiltrative tumor (Lu et al. 2003; Lu et al.
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2004). This is increasingly important because anti-angiogenic therapies (or therapies
that target tumor-associated microvessels) rapidly alleviate edema. Resolution of
this edema may result in a lack of tumor enhancement, possibly leading to a misinter-
pretation that the tumor is responding to therapy. Thus, in the light of the influx of
antivascular and antiangiogenic therapies, it would be prudent to have a non-invasive
imaging method that can reliably differentiate between edema and tumor tissue. One
group hypothesized that the mean diffusivity and the fractional anisotropy are signifi-
cantly altered in the peritumoral regions of both high-grade gliomas and metastatic
brain lesions, and further that the magnitude of fractional anisotropy changes in the
peritumoral region of high grade gliomas are greater due to tumor infiltration (Lu et al.
2003). Compared to normal, contralateral brain tissue, the mean diffusivity in the peri-
tumoral region of both the glioma and the metastatic lesion increased (p<0.005), and
the fractional anisotropy decreased (p <0.005). The mean diffusivity was significantly
lower in the glioma than in the metastatic lesion (p <0.005), but there was no statistical
difference between the two types of lesions in the fractional anisotropy. Nevertheless,
statistical differences are apparent between the normal tissue and the peritumoral
edema, and thus, it is conceivable that resolution of tumor infiltration from edema may
soon be possible with more advanced diffusion approaches.

Another group investigated the use of DTI to detect changes in the mean diffusivity
(D) and fractional anisotropy in the genu and splenium in the corpus collosum
following 45 weeks of radiation therapy (Nagesh et al. 2008). Significant increases
in D and decreases in fractional anisotropy were observed (p<0.001) over time,
suggesting disruption of the white matter architecture. Furthermore, both the
perpendicular (4 ) and parallel ()“H***) diffusivities increased significantly (p<0.002
and p<0.04, respectively) in a dose-dependent manner, suggesting systematic
white matter injury or demyelination. Although this study has not demonstrated the
DTI utility in providing a means of measuring tumor response to therapy, such a
study will aid in establishing a method by which the extent of radiation-induced
white matter injury and axonal degradation will be measured.

One group capitalized on a new analytical method, capable of separating the
tensor into its isotropic (p) and anisotropic (g) components,

p=+3D 5)

g=+/(4 DY + (4, — D)’ +(A, - DY’ (6)

thereby providing a method to delineate between the whole tumor region and any
surrounding normal tissue infiltrated by glioma cells (Field et al. 2004). Based on the
relative size of each component, three different patterns of abnormal growth emerged:
(1) diffuse — the extent of isotropic diffusion (p) was greater than the extent of aniso-
tropic diffusion (g); (2) localized — the extent of the isotropic and anisotropic regions
were predominantly comparable, and tumor infiltration progressed only in regions
where this symmetry failed and; (3) minimal — both regions were comparable.
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Other Applications

For other brain pathologies (e.g., depression, OCD, schizophrenia and stroke), the
use of DTI as an alternative metric of response to therapy is notional and is still
preliminary. In a late-life depression study, patients treated with citalopram
achieved remission (or failure to meet DSM-IV criteria for a depressive disorder),
a factor which was correlated with significantly higher fractional anisotropy values
in the right frontal matter compared to patients that demonstrated an overall lower
fractional anisotropy in the same region (Alexopoulos et al. 2002). In drug-naive
patients with OCD, 12 weeks of therapy with citalopram resulted in the “normalization”
of FA in the corpus callosum and internal capsule (Yoo et al. 2007), corresponding
very well with an improvement in all clinical measures of response employed.
Though it has been suggested that dosage of antipsychotic drugs correlate with the
degree of reduced FA in the WM of schizophrenic patients (Okugawa et al. 2004),
to our knowledge, there are no studies that directly correlate therapy with changes
in FA over time.

For stroke, currently the main focus is to establish a method for staging an ischemic
lesion in the hope that an accurate diagnosis is made and consequently, an appropriate
treatment can be applied. The status of the lesion throughout the various phases of
damage is critical to establishing the most effective treatment program.

Regarding research on the remaining pathologies (Alzheimer’s and Huntington’s
disease, MS, autism and pain), available treatments are unfortunately still not disease-
modifying. For example, there is no cure for Alzheimer’s disease; but a program of
drugs that maintain or improve cognitive function and/or slow progression of the
disease, in addition to some metric like FA capable of assessing the efficacy of those
drugs can have a profound effect on the quality of life for the patient. In general,
since the pathophysiology of these disorders consistently manifests as an attenuation
of the FA derived from DTI, any changes following successful curative or palliative
therapy of these pathologies would likely result in the “normalization” or return of
FA to normal values (or values comparable to contralateral normal tissue or healthy
control tissue), and thus, DTI will continue to simulate a natural curiosity for its
therapeutics use.

Limitations

A DTI dataset is most typically acquired using single-shot echo-planar imaging
(EPI) sequence because of the inherent sensitivity of diffusion MRI to small bulk
motion (e.g., head motion). Unfortunately, the trade-off for motion insensitivity is
sensitivity to field inhomogeneities (Jezzard and Balaban 1995) and eddy currents
(Jezzard et al. 1998), both of which affect the diffusion measurement. Furthermore,
diffusion is intrinsically signal-to-noise limited. Work continues to focus on improve-
ment of these limitations.
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Concluding Remarks

Most of the studies mentioned in this chapter are low-power and preliminary, and
thus, the results must be reviewed with aggressive criticism. However, with the
continued improvement in the technical limitations, the potential for diffusion
remains strong.

References

Akpinar E, Koroglu M, Ptak T (2007) Diffusion tensor MR imaging in pediatric head trauma.
J Comput Assist Tomogr 31:657-661

Alexopoulos GS, Kiosses DN, Choi SJ, Murphy CF, Lim KO (2002) Frontal white matter micro-
structure and treatment response of late-life depression: a preliminary study. Am J Psychiatry
159:1929-1932

Anderson GM, Horne WC, Chatterjee D, Cohen DJ (1990) The hyperserotonemia of autism. Ann
NY Acad Sci 600:331-340 discussion 341-332

Ashtari M, Cottone J, Ardekani BA, Cervellione K, Szeszko PR, Wu J, Chen S, Kumra S (2007)
Disruption of white matter integrity in the inferior longitudinal fasciculus in adolescents with
schizophrenia as revealed by fiber tractography. Arch Gen Psychiatry 64:1270-1280

Bammer R, Augustin M, Strasser-Fuchs S, Seifert T, Kapeller P, Stollberger R, Ebner F, Hartung
HP, Fazekas F (2000) Magnetic resonance diffusion tensor imaging for characterizing diffuse
and focal white matter abnormalities in multiple sclerosis. Magn Reson Med 44:
583-591

Barnea-Goraly N, Kwon H, Menon V, Eliez S, Lotspeich L, Reiss AL (2004) White matter structure
in autism: preliminary evidence from diffusion tensor imaging. Biol Psychiatry 55:323-326

Batchelor TT, Sorensen AG, di Tomaso E, Zhang WT, Duda DG, Cohen KS, Kozak KR, Cahill
DP, Chen PJ, Zhu M, Ancukiewicz M, Mrugala MM, Plotkin S, Drappatz J, Louis DN, Ivy P,
Scadden DT, Benner T, Loeftler JS, Wen PY, Jain RK (2007) AZD2171, a pan-VEGF receptor
tyrosine kinase inhibitor, normalizes tumor vasculature and alleviates edema in glioblastoma
patients. Cancer Cell 11:83-95

Bolten BM, DeGregorio T (2002) From the analyst’s couch. Trends in development cycles. Nat
Rev Drug Discov 1:335-336

Bozzali M, Franceschi M, Falini A, Pontesilli S, Cercignani M, Magnani G, Scotti G, Comi G,
Filippi M (2001) Quantification of tissue damage in AD using diffusion tensor and magnetization
transfer MRI. Neurology 57:1135-1137

Breier JI, Hasan KM, Zhang W, Men D, Papanicolaou AC (2008) Language dysfunction after
stroke and damage to white matter tracts evaluated using diffusion tensor imaging. AJNR Am
J Neuroradiol 29:483—487

Buchsbaum MS, Friedman J, Buchsbaum BR, Chu KW, Hazlett EA, Newmark R, Schneiderman JS,
Torosjan Y, Tang C, Hof PR, Stewart D, Davis KL, Gorman J (2006) Diffusion tensor imaging
in schizophrenia. Biol Psychiatry 60:1181-1187

Buffon F, Molko N, Herve D, Porcher R, Denghien I, Pappata S, Le Bihan D, Bousser MG,
Chabriat H (2005) Longitudinal diffusion changes in cerebral hemispheres after MCA infarcts.
J Cereb Blood Flow Metab 25:641-650

Butler PD, Hoptman MJ, Nierenberg J, Foxe JJ, Javitt DC, Lim KO (2006) Visual white matter
integrity in schizophrenia. Am J Psychiatry 163:2011-2013

Castriota Scanderbeg A, Tomaiuolo F, Sabatini U, Nocentini U, Grasso MG, Caltagirone C (2000)
Demyelinating plaques in relapsing-remitting and secondary-progressive multiple sclerosis:
assessment with diffusion MR imaging. AJNR Am J Neuroradiol 21:862-868



Diffusion Tensor Imaging and Drug Development 61

Chabriat H, Pappata S, Poupon C, Clark CA, Vahedi K, Poupon F, Mangin JF, Pachot-Clouard M,
Jobert A, Le Bihan D, Bousser MG (1999) Clinical severity in CADASIL related to ultrastruc-
tural damage in white matter: in vivo study with diffusion tensor MRI. Stroke 30:2637-2643

Chenevert TL, Brunberg JA, Pipe JG (1990) Anisotropic diffusion in human white matter: dem-
onstration with MR techniques in vivo. Radiology 177:401-405

Chenevert TL, Stegman LD, Taylor JM, Robertson PL, Greenberg HS, Rehemtulla A, Ross BD
(2000) Diffusion magnetic resonance imaging: an early surrogate marker of therapeutic effi-
cacy in brain tumors. J Natl Cancer Inst 92:2029-2036

Cheung V, Cheung C, McAlonan GM, Deng Y, Wong JG, Yip L, Tai KS, Khong PL, Sham P, Chua
SE (2008) A diffusion tensor imaging study of structural dysconnectivity in never-medicated,
first-episode schizophrenia. Psychol Med 38:877-885

Ciccarelli O, Werring DJ, Wheeler-Kingshott CA, Barker GJ, Parker GJ, Thompson AJ, Miller
DH (2000) Investigation of MS normal-appearing brain using diffusion tensor MRI with clini-
cal correlations. Neurology 56:926-933

Conturo TE, Lori NF, Cull TS, Akbudak E, Snyder AZ, Shimony JS, McKinstry RC, Burton H,
Raichle ME (1999) Tracking neuronal fiber pathways in the living human brain. Proc Natl
Acad Sci U S A 96:10422-10427

DaSilva AF, Granziera C, Tuch DS, Snyder J, Vincent M, Hadjikhani N (2007) Interictal altera-
tions of the trigeminal somatosensory pathway and periaqueductal gray matter in migraine.
Neuroreport 18:301-305

Fellgiebel A, Muller MJ, Wille P, Dellani PR, Scheurich A, Schmidt LG, Stoeter P (2005) Color-
coded diffusion-tensor-imaging of posterior cingulate fiber tracts in mild cognitive impair-
ment. Neurobiol Aging 26:1193-1198

Fellgiebel A, Wille P, Muller MJ, Winterer G, Scheurich A, Vucurevic G, Schmidt LG, Stoeter P
(2004) Ultrastructural hippocampal and white matter alterations in mild cognitive impairment:
a diffusion tensor imaging study. Dement Geriatr Cogn Disord 18:101-108

Field AS, Alexander AL, Wu YC, Hasan KM, Witwer B, Badie B (2004) Diffusion tensor eigen-
vector directional color imaging patterns in the evaluation of cerebral white matter tracts
altered by tumor. J Magn Reson Imaging 20:555-562

Filippi M, Cercignani M, Inglese M, Horsfield MA, Comi G (2001) Diffusion tensor magnetic
resonance imaging in multiple sclerosis. Neurology 56:304-311

Friedman JI, Tang C, Carpenter D, Buchsbaum M, Schmeidler J, Flanagan L, Golembo S,
Kanellopoulou I, Ng J, Hof PR, Harvey PD, Tsopelas ND, Stewart D, Davis KL (2008)
Diffusion tensor imaging findings in first-episode and chronic schizophrenia patients. Am J
Psychiatry 165:1024-1032

Gillard JH, Papadakis NG, Martin K, Price CJ, Warburton EA, Antoun NM, Huang CL, Carpenter
TA, Pickard JD (2001) MR diffusion tensor imaging of white matter tract disruption in stroke
at 3 T. Br J Radiol 74:642-647

Hadjipavlou G, Dunckley P, Behrens TE, Tracey I (2006) Determining anatomical connectivities
between cortical and brainstem pain processing regions in humans: a diffusion tensor imaging
study in healthy controls. Pain 123:169-178

Hamstra DA, Chenevert TL, Moffat BA, Johnson TD, Meyer CR, Mukherji SK, Quint DJ, Gebarski
SS, Fan X, Tsien CI, Lawrence TS, Junck L, Rehemtulla A, Ross BD (2005) Evaluation of the
functional diffusion map as an early biomarker of time-to-progression and overall survival in
high-grade glioma. Proc Natl Acad Sci U S A 102:16759-16764

Hao Y, Liu Z, Jiang T, Gong G, Liu H, Tan L, Kuang F, Xu L, Yi Y, Zhang Z (2006) White matter
integrity of the whole brain is disrupted in first-episode schizophrenia. Neuroreport 17:23-26

Harris AD, Pereira RS, Mitchell JR, Hill MD, Sevick RJ, Frayne R (2004) A comparison of
images generated from diffusion-weighted and diffusion-tensor imaging data in hyper-acute
stroke. J Magn Reson Imaging 20:193-200

Head D, Buckner RL, Shimony JS, Williams LE, Akbudak E, Conturo TE, McAvoy M, Morris
JC, Snyder AZ (2004) Differential vulnerability of anterior white matter in nondemented aging
with minimal acceleration in dementia of the Alzheimer type: evidence from diffusion tensor
imaging. Cereb Cortex 14:410-423



62 D.L. Jenning and A.G. Sorensen

Huang 1J, Chen CY, Chung HW, Chang DC, Lee CC, Chin SC, Liou M (2001) Time course of
cerebral infarction in the middle cerebral arterial territory: deep watershed versus territorial
subtypes on diffusion-weighted MR images. Radiology 221:35-42

Huisman TA, Schwamm LH, Schaefer PW, Koroshetz WJ, Shetty-Alva N, Ozsunar Y, Wu O,
Sorensen AG (2004) Diffusion tensor imaging as potential biomarker of white matter injury in
diffuse axonal injury. AINR Am J Neuroradiol 25:370-376

Jellison BJ, Field AS, Medow J, Lazar M, Salamat MS, Alexander AL (2004) Diffusion tensor
imaging of cerebral white matter: a pictorial review of physics, fiber tract anatomy, and tumor
imaging patterns. AJNR Am J Neuroradiol 25:356-369

Jezzard P, Balaban RS (1995) Correction for geometric distortion in echo planar images from B0
field variations. Magn Reson Med 34:65-73

Jezzard P, Barnett AS, Pierpaoli C (1998) Characterization of and correction for eddy current
artifacts in echo planar diffusion imaging. Magn Reson Med 39:801-812

Jones DK, Catani M, Pierpaoli C, Reeves SJ, Shergill SS, O’Sullivan M, Maguire P, Horsfield
MA, Simmons A, Williams SC, Howard RJ (2005) A diffusion tensor magnetic resonance
imaging study of frontal cortex connections in very-late-onset schizophrenia-like psychosis.
Am J Geriatr Psychiatry 13:1092-1099

Jones DK, Horsfield MA, Simmons A (1999) Optimal strategies for measuring diffusion in aniso-
tropic systems by magnetic resonance imaging. Magn Reson Med 42:515-525

Kanaan RA, Kim JS, Kaufmann WE, Pearlson GD, Barker GJ, McGuire PK (2005) Diffusion
tensor imaging in schizophrenia. Biol Psychiatry 58:921-929

Karlsgodt KH, van Erp TG, Poldrack RA, Bearden CE, Nuechterlein KH, Cannon TD (2008)
Diffusion tensor imaging of the superior longitudinal fasciculus and working memory in
recent-onset schizophrenia. Biol Psychiatry 63:512-518

Kendi M, Kendi AT, Lehericy S, Ducros M, Lim KO, Ugurbil K, Schulz SC, White T (2008)
Structural and diffusion tensor imaging of the fornix in childhood- and adolescent-onset
schizophrenia. ] Am Acad Child Adolesc Psychiatry 47:826-832

Kloppel S, Draganski B, Golding CV, Chu C, Nagy Z, Cook PA, Hicks SL, Kennard C, Alexander
DC, Parker GJ, Tabrizi SJ, Frackowiak RS (2008) White matter connections reflect changes in
voluntary-guided saccades in pre-symptomatic Huntington’s disease. Brain 131:196-204

Kumra S, Ashtari M, Cervellione KL, Henderson I, Kester H, Roofeh D, Wu J, Clarke T, Thaden E,
Kane JM, Rhinewine J, Lencz T, Diamond A, Ardekani BA, Szeszko PR (2005) White matter
abnormalities in early-onset schizophrenia: a voxel-based diffusion tensor imaging study. ] Am
Acad Child Adolesc Psychiatry 44:934-941

Kuroki N, Kubicki M, Nestor PG, Salisbury DF, Park HJ, Levitt JJ, Woolston S, Frumin M,
Niznikiewicz M, Westin CF, Maier SE, McCarley RW, Shenton ME (2006) Fornix integrity
and hippocampal volume in male schizophrenic patients. Biol Psychiatry 60:22-31

Kyriakopoulos M, Vyas NS, Barker GJ, Chitnis XA, Frangou S (2008) A diffusion tensor imaging
study of white matter in early-onset schizophrenia. Biol Psychiatry 63:519-523

Latour LL, Svoboda K, Mitra PP, Sotak CH (1994) Time-dependent diffusion of water in a biological
model system. Proc Natl Acad Sci U S A 91:1229-1233

Lee JE, Bigler ED, Alexander AL, Lazar M, DuBray MB, Chung MK, Johnson M, Morgan J, Miller
IN, McMahon WM, Lu J, Jeong EK, Lainhart JE (2007) Diffusion tensor imaging of white
matter in the superior temporal gyrus and temporal stem in autism. Neurosci Lett 424:127-132

Lee JS, Han MK, Kim SH, Kwon OK, Kim JH (2005) Fiber tracking by diffusion tensor imaging
in corticospinal tract stroke: topographical correlation with clinical symptoms. Neuroimage
26:771-776

Lee ZI, Byun WM, Jang SH, Ahn SH, Moon HK, Chang Y (2003) Diffusion tensor magnetic reso-
nance imaging of microstructural abnormalities in children with brain injury. Am J Phys Med
Rehabil 82:556-559

Leung LH, Ooi GC, Kwong DL, Chan GC, Cao G, Khong PL (2004) White-matter diffusion
anisotropy after chemo-irradiation: a statistical parametric mapping study and histogram
analysis. Neuroimage 21:261-268



Diffusion Tensor Imaging and Drug Development 63

Lie C, Hirsch JG, Rossmanith C, Hennerici MG, Gass A (2004) Clinicotopographical correlation
of corticospinal tract stroke: a color-coded diffusion tensor imaging study. Stroke 35:86-92

Lu S, Ahn D, Johnson G, Cha S (2003) Peritumoral diffusion tensor imaging of high-grade
gliomas and metastatic brain tumors. AINR Am J Neuroradiol 24:937-941

Lu S, Ahn D, Johnson G, Law M, Zagzag D, Grossman RI (2004) Diffusion-tensor MR imaging
of intracranial neoplasia and associated peritumoral edema: introduction of the tumor infiltra-
tion index. Radiology 232:221-228

Mardor Y, Pfeffer R, Spiegelmann R, Roth Y, Maier SE, Nissim O, Berger R, Glicksman A,
Baram J, Orenstein A, Cohen JS, Tichler T (2003) Early detection of response to radiation
therapy in patients with brain malignancies using conventional and high b-value diffusion-
weighted magnetic resonance imaging. J Clin Oncol 21:1094-1100

Medina D, DeToledo-Morrell L, Urresta F, Gabrieli JD, Moseley M, Fleischman D, Bennett DA,
Leurgans S, Turner DA, Stebbins GT (2006) White matter changes in mild cognitive impair-
ment and AD: a diffusion tensor imaging study. Neurobiol Aging 27:663-672

Moller M, Frandsen J, Andersen G, Gjedde A, Vestergaard-Poulsen P, Ostergaard L (2007) Dynamic
changes in corticospinal tracts after stroke detected by fibretracking. J Neurol Neurosurg Psychiatry
78:587-592

Mori S, Crain BJ, Chacko VP, van Zijl PC (1999) Three-dimensional tracking of axonal projec-
tions in the brain by magnetic resonance imaging. Ann Neurol 45:265-269

Moseley ME, Cohen Y, Kucharczyk J, Mintorovitch J, Asgari HS, Wendland MF, Tsuruda J,
Norman D (1990) Diffusion-weighted MR imaging of anisotropic water diffusion in cat central
nervous system. Radiology 176:439-445

Mukherjee P, Bahn MM, McKinstry RC, Shimony JS, Cull TS, Akbudak E, Snyder AZ, Conturo
TE (2000) Differences between gray matter and white matter water diffusion in stroke: diffu-
sion-tensor MR imaging in 12 patients. Radiology 215:211-220

Munoz Maniega S, Bastin ME, Armitage PA, Farrall AJ, Carpenter TK, Hand PJ, Cvoro V, Rivers
CS, Wardlaw JM (2004) Temporal evolution of water diffusion parameters is different in grey
and white matter in human ischaemic stroke. J Neurol Neurosurg Psychiatry 75:1714-1718

Naganawa S, Sato C, Ishihra S, Kumada H, Ishigaki T, Miura S, Watanabe M, Maruyama K,
Takizawa O (2004) Serial evaluation of diffusion tensor brain fiber tracking in a patient with
severe diffuse axonal injury. AJNR Am J Neuroradiol 25:1553-1556

Nagesh V, Tsien CI, Chenevert TL, Ross BD, Lawrence TS, Junick L, Cao Y (2008) Radiation-
induced changes in normal-appearing white matter in patients with cerebral tumors: a diffusion
tensor imaging study. Int J Radiat Oncol Biol Phys 70:1002—-1010

Nakayama N, Okumura A, Shinoda J, Yasokawa YT, Miwa K, Yoshimura SI, Iwama T (2006)
Evidence for white matter disruption in traumatic brain injury without macroscopic lesions.
J Neurol Neurosurg Psychiatry 77:850-855

Nelles M, Gieseke J, Flacke S, Lachenmayer L, Schild HH, Urbach H (2008) Diffusion tensor pyra-
midal tractography in patients with anterior choroidal artery infarcts. AINR Am J Neuroradiol
29:488-493

Nobuhara K, Okugawa G, Sugimoto T, Minami T, Tamagaki C, Takase K, Saito Y, Sawada S,
Kinoshita T (2006) Frontal white matter anisotropy and symptom severity of late-life depression: a
magnetic resonance diffusion tensor imaging study. J Neurol Neurosurg Psychiatry 77:120-122

Okugawa G, Nobuhara K, Minami T, Tamagaki C, Takase K, Sugimoto T, Sawada S, Kinoshita T
(2004) Subtle disruption of the middle cerebellar peduncles in patients with schizophrenia.
Neuropsychobiology 50:119-123

Ozsunar Y, Grant PE, Huisman TA, Schaefer PW, Wu O, Sorensen AG, Koroshetz WJ, Gonzalez
RG (2004) Evolution of water diffusion and anisotropy in hyperacute stroke: significant cor-
relation between fractional anisotropy and T2. AJNR Am J Neuroradiol 25:699-705

Pajevic S, Pierpaoli C (1999) Color schemes to represent the orientation of anisotropic tissues
from diffusion tensor data: application to white matter fiber tract mapping in the human brain.
Magn Reson Med 42:526-540

Papadakis NG, Xing D, Huang CL, Hall LD, Carpenter TA (1999) A comparative study of acqui-
sition schemes for diffusion tensor imaging using MRI. J Magn Reson 137:67-82



64 D.L. Jenning and A.G. Sorensen

Parmar H, Golay X, Lee KE, Hui F, Sitoh YY (2006) Early experiences with diffusion tensor imaging
and magnetic resonance tractography in stroke patients. Singapore Med J 47:198-203

Pierpaoli C, Basser PJ (1996) Toward a quantitative assessment of diffusion anisotropy. Magn
Reson Med 36:893-906

Price G, Bagary MS, Cercignani M, Altmann DR, Ron MA (2005) The corpus callosum in first episode
schizophrenia: a diffusion tensor imaging study. J Neurol Neurosurg Psychiatry 76:585-587

Price SJ, Jena R, Burnet NG, Hutchinson PJ, Dean AF, Pena A, Pickard JD, Carpenter TA, Gillard JH
(2006) Improved delineation of glioma margins and regions of infiltration with the use of diffusion
tensor imaging: an image-guided biopsy study. AINR Am J Neuroradiol 27:1969-1974

Ptak T, Sheridan RL, Rhea JT, Gervasini AA, Yun JH, Curran MA, Borszuk P, Petrovick L,
Novelline RA (2003) Cerebral fractional anisotropy score in trauma patients: a new indicator
of white matter injury after trauma. AJR Am J Roentgenol 181:1401-1407

Reading SA, Yassa MA, Bakker A, Dziorny AC, Gourley LM, Yallapragada V, Rosenblatt A,
Margolis RL, Aylward EH, Brandt J, Mori S, van Zijl P, Bassett SS, Ross CA (2005) Regional
white matter change in pre-symptomatic Huntington’s disease: a diffusion tensor imaging
study. Psychiatry Res 140:55-62

Ringman JM, O’Neill J, Geschwind D, Medina L, Apostolova LG, Rodriguez Y, Schaffer B,
Varpetian A, Tseng B, Ortiz F, Fitten J, Cammings JL, Bartzokis G (2007) Diffusion tensor imag-
ing in preclinical and presymptomatic carriers of familial Alzheimer’s disease mutations. Brain
130:1767-1776

Rosas HD, Tuch DS, Hevelone ND, Zaleta AK, Vangel M, Hersch SM, Salat DH (2006) Diffusion
tensor imaging in presymptomatic and early Huntington’s disease: selective white matter
pathology and its relationship to clinical measures. Mov Disord 21:1317-1325

Rose SE, Chen F, Chalk JB, Zelaya FO, Strugnell WE, Benson M, Semple J, Doddrell DM (2000)
Loss of connectivity in Alzheimer’s disease: an evaluation of white matter tract integrity with
colour coded MR diffusion tensor imaging. J Neurol Neurosurg Psychiatry 69:528-530

Rugg-Gunn FJ, Symms MR, Barker GJ, Greenwood R, Duncan JS (2001) Diffusion imaging
shows abnormalities after blunt head trauma when conventional magnetic resonance imaging
is normal. J Neurol Neurosurg Psychiatry 70:530-533

Saito Y, Nobuhara K, Okugawa G, Takase K, Sugimoto T, Horiuchi M, Ueno C, Maehara M,
Omura N, Kurokawa H, Ikeda K, Tanigawa N, Sawada S, Kinoshita T (2008) Corpus callosum
in patients with obsessive-compulsive disorder: diffusion-tensor imaging study. Radiology
246:536-542

Shergill SS, Kanaan RA, Chitnis XA, O’Daly O, Jones DK, Frangou S, Williams SC, Howard RJ,
Barker GJ, Murray RM, McGuire P (2007) A diffusion tensor imaging study of fasciculi in
schizophrenia. Am J Psychiatry 164:467-473

Sidaros A, Engberg AW, Sidaros K, Liptrot MG, Herning M, Petersen P, Paulson OB, Jernigan
TL, Rostrup E (2008) Diffusion tensor imaging during recovery from severe traumatic brain
injury and relation to clinical outcome: a longitudinal study. Brain 131:559-572

Sijens PE, Heesters MA, Enting RH, van der Graaf WT, Potze JH, Irwan R, Meiners LC, Oudkerk M
(2007) Diffusion tensor imaging and chemical shift imaging assessment of heterogeneity in
low grade glioma under temozolomide chemotherapy. Cancer Investigation 25:706-710

Sorensen AG, Wu O, Copen WA, Davis TL, Gonzalez RG, Koroshetz WJ, Reese TG, Rosen BR,
Wedeen VJ, Weisskoff RM (1999) Human acute cerebral ischemia: detection of changes in
water diffusion anisotropy by using MR imaging. Radiology 212:785-792

Stahl R, Dietrich O, Teipel SJ, Hampel H, Reiser MF, Schoenberg SO (2007) White matter dam-
age in Alzheimer disease and mild cognitive impairment: assessment with diffusion-tensor MR
imaging and parallel imaging techniques. Radiology 243:483-492

Stejskal EOT, Tanner JE (1965) Spin diffusion measurements: spin echoes in the presence of a
time-dependent field gradient. J Chem Phys 42:288-292

Sugahara T, Korogi Y, Kochi M, Ikushima I, Shigematu Y, Hirai T, Okuda T, Liang L, Ge Y,
Komohara Y, Ushio Y, Takahashi M (1999) Usefulness of diffusion-weighted MRI with echopla-
nar technique in the evaluation of cellularity in gliomas. J Magn Reson Imaging 9:53-60



Diffusion Tensor Imaging and Drug Development 65

Sundgren PC, Petrou M, Harris RE, Fan X, Foerster B, Mehrotra N, Sen A, Clauw DJ, Welsh RC
(2007) Diffusion-weighted and diffusion tensor imaging in fibromyalgia patients: a prospective
study of whole brain diffusivity, apparent diffusion coefficient, and fraction anisotropy in different
regions of the brain and correlation with symptom severity. Acad Radiol 14:839-846

Szafer A, Zhong J, Gore JC (1995) Theoretical model for water diffusion in tissues. Magn Reson
Med 33:697-712

Szeszko PR, Ardekani BA, Ashtari M, Kumra S, Robinson DG, Sevy S, Gunduz-Bruce H,
Malhotra AK, Kane JM, Bilder RM, Lim KO (2005) White matter abnormalities in first-episode
schizophrenia or schizoaffective disorder: a diffusion tensor imaging study. Am J Psychiatry
162:602-605

Takahashi S, Yonezawa H, Takahashi J, Kudo M, Inoue T, Tohgi H (2002) Selective reduction of
diffusion anisotropy in white matter of Alzheimer disease brains measured by 3.0 Tesla mag-
netic resonance imaging. Neurosci Lett 332:45-48

Tang CY, Friedman J, Shungu D, Chang L, Ernst T, Stewart D, Hajianpour A, Carpenter D, Ng J,
Mao X, Hof PR, Buchsbaum MS, Davis K, Gorman JM (2007) Correlations between diffusion
tensor imaging (DTI) and magnetic resonance spectroscopy (IH MRS) in schizophrenic
patients and normal controls. BMC Psychiatry 7:25

Taylor WD, MacFall JR, Payne ME, McQuoid DR, Provenzale JM, Steffens DC, Krishnan KR
(2004) Late-life depression and microstructural abnormalities in dorsolateral prefrontal cortex
white matter. Am J Psychiatry 161:1293-1296

van Gelderen P, de Vleeschouwer MH, DesPres D, Pekar J, van Zijl PC, Moonen CT (1994) Water
diffusion and acute stroke. Magn Reson Med 31:154-163

Vanhala R, Turpeinen U, Riikonen R (2001) Low levels of insulin-like growth factor-I in cerebro-
spinal fluid in children with autism. Dev Med Child Neurol 43:614-616

Werring DJ, Clark CA, Barker GJ, Thompson AJ, Miller DH (1999) Diffusion tensor imaging of
lesions and normal-appearing white matter in multiple sclerosis. Neurology 52:1626—1632

Xie S, Xiao JX, Gong GL, Zang YF, Wang YH, Wu HK, Jiang XX (2006) Voxel-based detection
of white matter abnormalities in mild Alzheimer disease. Neurology 66:1845-1849

Yamada K, Ito H, Nakamura H, Kizu O, Akada W, Kubota T, Goto M, Konishi J, Yoshikawa K,
Shiga K, Nakagawa M, Mori S, Nishimura T (2004) Stroke patients’ evolving symptoms
assessed by tractography. J] Magn Reson Imaging 20:923-929

Yang Q, Tress BM, Barber PA, Desmond PM, Darby DG, Gerraty RP, Li T, Davis SM (1999) Serial
study of apparent diffusion coefficient and anisotropy in patients with acute stroke. Stroke
30:2382-2390

Yoo SY, Jang JH, Shin YW, Kim DJ, Park HJ, Moon WJ, Chung EC, Lee JM, Kim IY, Kim SI,
Kwon JS (2007) White matter abnormalities in drug-naive patients with obsessive-compulsive
disorder: a diffusion tensor study before and after citalopram treatment. Acta Psychiatr Scand
116:211-219

Zelaya F, Flood N, Chalk JB, Wang D, Doddrell DM, Strugnell W, Benson M, Ostergaard L,
Semple J, Eagle S (1999) An evaluation of the time dependence of the anisotropy of the water
diffusion tensor in acute human ischemia. Magn Reson Imaging 17:331-348

Zhang Y, Schuff N, Jahng GH, Bayne W, Mori S, Schad L, Mueller S, Du AT, Kramer JH, Yaffe
K, Chui H, Jagust WJ, Miller BL, Weiner MW (2007) Diffusion tensor imaging of cingulum
fibers in mild cognitive impairment and Alzheimer disease. Neurology 68:13-19



	Diffusion Tensor Imaging and Drug Development
	Introduction
	Diffusion Magnetic Resonance Imaging
	Physical Concepts

	Diffusion Tensor Imaging
	Physical Concepts
	Diffusion Tensor Imaging in Human Brain Pathologies
	Oncology
	Head Trauma
	Huntington’s Disease
	Pain
	Stroke
	Multiple Sclerosis
	Depression
	Autism
	Obsessive Compulsive Disorder
	Schizophrenia
	Alzheimer’s Disease

	DTI and Drug Development
	Oncology
	Other Applications

	Limitations
	Concluding Remarks
	References




