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Clinical neuroscientists have focused increasing attention on white matter connections in the

brain and on the effects of aging and disease on these connections. Recent advances in mag-

netic resonance imaging (MRI) analysis have given researchers new tools for quantifying

and visualizing white matter to better relate white matter structure and function. The goals

of this article are (a) to acquaint the reader with both established and newer methods for

imaging and quantifying white matter anatomy and pathology; and (b) to review recent

findings on white matter pathology in aging and dementia. Computer-assisted quantification

appears to offer better statistical power than visual rating scales for detecting these rela-

tionships. New MR modalities such as diffusion imaging can detect white matter abnormali-

ties not shown with conventional acquisition sequences. These newer techniques hold

promise for early detection of disease and for delineating functional connections between

brain areas.

INTRODUCTION

The goals of this article are (a) to acquaint the reader with both established and
newer methods for imaging white matter anatomy and pathology; and (b) to review
recent findings on the etiology of white matter changes in the elderly and their neuro-
psychological and behavioral sequelae. We briefly review white matter anatomy and
the basics of MRI image acquisition. This will set the stage for a review of imaging
methods for quantifying white matter pathology, including newer techniques such as
diffusion tensor imaging. Finally, we will review application of these methods to the
study of white matter changes in the elderly including common forms of dementia.
We have limited our discussion to MRI techniques because they are the preferred
modality for most current imaging research. Although our discussion focuses on
aging and dementia, the neuroimaging techniques covered in this review apply to
a wide range of other disorders affecting white matter, including multiple sclerosis,
HIV-related neuropathology, and the leukodystrophies.

Neuronal tissue in the brain can be divided on gross inspection into gray and white
matter. The gray matter is comprised primarily of neuronal cell bodies and includes the
cerebral cortex, the deep brain nuclei of the thalamus, and the basal ganglia. White
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matter lies below the cortical surface and comprises approximately 40–50% of total vol-
ume of the healthy young adult human brain (Guttmann et al., 1998). The white matter
is composed of bundles of myelin-coated axons, often called tracts that conduct neural
information between gray matter regions thereby permitting the brain to work in a
coordinated fashion. Terms other than ‘‘tract’’ used to describe white matter pathways
include bundle, capsule, fasciculus, funiculus, lemniscus, and peduncle (Filley, 2001a).
The gray vs. white matter distinction is somewhat incomplete, in that myelinated fibers
are present throughout the gray matter mantel, and many axons are not myelinated in
the human brain. Still, this distinction of gray matter within the cortical ribbon and
deep nuclei with connecting white matter networks has heuristic value.

Cortical gray matter areas have been the focus of much research and conceptual
work in the history of neuropsychology and behavioral neurology. In studying lan-
guage systems, for example, early researchers concentrated on the effects of lesions
to Broca’s and Wernicke’s areas in the production of receptive and expressive apha-
sias. However, it quickly became clear that certain language disorders such as conduc-
tion aphasia resulted from lesions in white matter connections among cortical
language zones. The essential role of white matter connections in language disorders
was cemented by Geschwind’s classic work on disconnection syndromes (Geschwind,
1965a, 1965b), which showed that some syndromes like alexia without agraphia could
be explained only by reference to lesions in specific white matter tracts. It is now widely
recognized that cortical areas cannot fulfill their functions without white matter
connections. Increased interest in these white matter brain connections has developed
from a desire to understand the pathogenesis and clinical impact of certain disease
processes that have a predilection for white matter (e.g., multiple sclerosis, leukody-
strophies, and small vessel cerebrovascular disease). Neuroimaging techniques such
as computed tomography (CT) and magnetic resonance imaging (MRI) provide in vivo
visualization of the white matter lesions (WML) associated with these and other
disease processes. MRI is generally superior to CT for detecting and visualizing
WML and is the preferred imaging modality for WML research.

WML appearing as punctate foci or confluent areas of signal abnormality on
MRI are common in the elderly and are usually thought to reflect underlying small
artery disease (Ho & Garcia, 2000; Udaka, Sawada, & Kameyama, 2002). WML in
the elderly have been shown to adversely impact cognition and behavior (Breteler
et al., 1994; de Groot et al., 2000; de Leeuw, de Groot, & Breteler, 2000; Inzitari,
2000; Junque et al., 1990) but the strength of this association has varied across
studies due to differences in study populations, imaging modalities (i.e., CT vs.
MRI), analysis techniques (i.e., qualitative vs. quantitative measurements), and
cognitive test batteries. Newer MRI techniques such as diffusion tensor imaging
(DTI) offer improved detection of white matter changes and may enhance under-
standing of the pathogenesis of WML and their impact on cognition and behavior.

NEUROANATOMY OF WHITE MATTER

White Matter Tracts

The three major groups of white matter pathways include projection, com-
missural, and association fibers (see Figure 1). Projection fibers are long ascending
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and descending fibers that connect the spinal cord, diencephalic, and mesencephalic
structures with the cortex. Projection pathways include ascending pathways from the
thalamus and basal ganglia to the cortex (e.g., corona radiata, anterior internal cap-
sule), and descending pathways (e.g., pyramidal tracts) from cortex to subcortical
structures. Some of these ascending and descending tracts form reciprocal connec-
tions, providing the basis for feedback loops. For example, cortical attentional
systems can affect input from sensory systems via thalamic gating; pyramidal and
extrapyramidal motor systems can interact to produce coordinated movement.
Commisural fibers connect the two cerebral hemispheres and the largest bundle of
such fibers is the corpus callosum. Association fibers connect cortical regions within
a hemisphere and are comprised of two subtypes: short association fibers (called

Figure 1 Selected association (a), commissural (b), and projection (c) white matter tracts shown in brain

dissection. Adapted with permission from Terence H. Williams et al., the University of Iowa Virtual

Hospital, The Human Brain, Chapter 5, The Cerebral Hemispheres. http://www.vh.org/adult/

provider/anatomy/BrainAnatomy/Ch5Text/Section15.html
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U-fibers or arcuate fibers) that connect adjacent cortical gyri, and long association
fibers (e.g., the superior longitudinal fasciculus) that connect more disparate cortical
regions (Carpenter, 1991; Filley, 2001a). Long association tracts are usually more
susceptible than U-fibers to injury from small vessel cerebrovascular disease, which
is typically most pronounced in the periventricular and deep white matter regions
that these fibers traverse. Most long association fibers project to the frontal lobes,
suggesting that they facilitate interaction of the frontal lobes with all other cerebral
regions. The frontal cortex also has numerous connections with subcortical gray
matter structures including the striatum, thalamus, and limbic structures. These
frontal-cortical and frontal-subcortical circuits subserve executive function and
behavioral regulation (Mega & Cummings, 1994). A number of additional smaller
white matter tracts lie deep within the brain (e.g., extreme capsule, medial forebrain
bundle) and presumably link subcortical gray structures with one another and with
cortical regions (Carpenter, 1991; Filley, 2001a).

Certain white matter tracts, such as the corpus callosum, anterior and posterior
commissures, cingulum bundle, and internal and external capsules are readily ident-
ified on conventional neuroimaging, particularly MRI. However, much of the white
matter appears homogeneous without distinct tracts. Different regions are therefore
anatomically designated by broad, somewhat imprecise terms. For example, periven-
tricular white matter is contiguous to the lateral ventricles. Deep white matter typically
refers to white matter not directly adjacent to the ventricles but usually excludes
U-fibers. The term subcortical white matter is sometimes used to refer to periventri-
cular and deep white matter collectively, and may or may not include U-fibers.

White Matter Pathology in the Elderly

There are generally two types of WML visible on MRI in the elderly. The
appearance of these lesions depends on the contrast characteristics specified in the
MRI acquisition (e.g., T1- vs. T2-weighted); this will be discussed in the next section.
One type of WML is a region that appears more hyperintense (bright) than the sur-
rounding tissue on T2-weighted MRI. These WML can appear in periventricular and
deep white matter regions, as well as in basal ganglia or other subcortical gray nuclei.
These hyperintense lesions begin as small punctate areas that, over time, can expand
and coalesce into larger confluent regions with disease progression. These hyperin-
tensities are thought to reflect regions of incomplete infarction due to hypoperfusion
associated with underlying small vessel disease (see below). The second type of WML
are lacunar infarcts, which typically appear as small, circular, circumscribed hypoin-
tense (dark) holes on T1-weighted MRI. These hypointensities represent areas of
completed infarction. However, they may be confused with dilated perivascular
spaces, which also occur with aging and have a similar appearance. The earliest white
matter changes seen on MRI in the elderly are typically hyperintensities seen in the
areas surrounding the frontal horns and the trigone of the lateral ventricles. As dis-
cussed in more detail below, some mild degree of white matter hyperintensities
occurs in normal aging without demonstrable changes in cognition or behavior.
However, more severe changes in deep white matter and in subcortical deep gray
matter structures (e.g., basal ganglia) can result in neuropsychological deficits ran-
ging from mild problems to dementia. The range of white matter hyperintensities
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is illustrated in Figure 2. Although most white matter changes in the elderly are vas-
cular in origin, there are many other disorders that can cause white matter hyperin-
tensities (Yamamoto & Bogousslavsky, 2000).

There is some ambiguity in the terms used in the literature to describe these
white matter abnormalities. Leukoaraiosis (literally, ‘‘rarified white matter’’) is a
term introduced by Hachinski and colleagues (Hachinski, Potter, & Merskey,
1986, 1987) to describe the appearance of white matter hypodense regions on CT
scan without reference to the underlying pathology or their clinical significance.
Current usage of the term also includes MRI hyperintensities. However, the term
is also commonly used to imply the presence of a variety of pathologies, risk factors,
and clinical associations for which it was not intended (Merino & Hachinski, 2000).
Radiologically, hyperintense lesions are sometimes referred to as subcortical hyperin-
tensities (SH) or T2-hyperintensities, although these terms may fail to distinguish
between hyperintensities occurring in white matter and those seen in subcortical
nuclei such as the basal ganglia. The term white matter changes (WMC) is also
sometimes used to refer to WMH. Particularly confusing is the acronym WML
which may mean white matter lesions or white matter lucencies, both of which gener-
ally refer to hyperintensities but retain some ambiguity. For consistency, we will use
white matter hyperintensities (WMH) when referring specifically to hyperintensities
in white matter distinct from basal ganglia or thalamic hyperintensities and lacunar
infarcts. We will use the term white matter lesions (WML) to refer collectively to
hyperintense and lacunar lesions in white matter.

Age is the strongest predictor of WML (de Leeuw et al., 2001). Additional risk
factors include hypertension, atherosclerosis, diabetes, smoking, hypercholesterole-
mia (de Leeuw et al., 2000), elevated homocysteine (Vermeer et al., 2002), and hypo-
tension (Raiha et al., 1993). Of these additional risk factors, hypertension has shown
the most consistent association with WML (de Leeuw et al., 2000). Incidence esti-
mates of WML range from 10% to 100% of non-demented elderly, depending on
the severity criteria used for defining lesions, particularly WMH (de Leeuw et al.,
2000; Hunt et al., 1989; Jernigan, Press, & Hesselink, 1990).

The basic neuropathological correlates of vascular WMH in the elderly include
loss of axons, demyelination, increased numbers of astrocytes and microglia (i.e.,
gliosis), and necrotic changes that produce scarring or cavitation (Englund, 2000).
These changes can arise generally from complete and incomplete infarction and
hypoperfusion-hypoxic injury due to blood vessel pathology including lipid

Figure 2 Subcortical hyperintensities on MRI, ranging in severity from none (left), through mild and mod-

erate, to severe (right).
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deposition, hyalinization of the vessel wall with increased rigidity, breakdown of ves-
sel endothelial function, and microaneurysms (Englund, 2000; Fazekas et al., 1993;
Fazekas, Schmidt, & Scheltens, 1998; Ho & Garcia, 2000). These vascular changes
result in lowered permeability and decreased tissue perfusion. The severity and extent
of these vascular changes increases in correspondence with the extent of hyperinten-
sities on MRI, from discrete punctate lesions through beginning confluence to large
confluent regions (Fazekas et al., 1993, 1998a; Scheltens et al., 1995). One notable
exception to the vascular origin of WMH are periventricular hyperintensities, includ-
ing capping frontal horns and a smooth, band-like halo along the ventricle body.
These have been linked to disruption of the ependymal lining of the ventricle, caus-
ing transudation of cerebrospinal fluid with resultant gliosis and concomitant loss of
myelin (Fazekas et al., 1993; Thomas, O’Brien, Barber, McMeekin, & Perry, 2003).

Many of these pathological processes result in increased tissue water content
and it is this increase in interstitial water that produces the hyper- or hypointense
appearance of WML on MRI. This is because MRI is based on excitation and relax-
ation of hydrogen atoms, and so the interstitial fluid increase alters MRI signal. To
better understand how these alterations in tissue water concentration affect MRI sig-
nal, and how newer technologies exploit these effects, it is important to understand
the basic principles of MRI physics. Toward this end we will provide a brief dis-
cussion of the basics of the physics and technical aspects of MRI. A thorough treat-
ment is well beyond the scope of this review article, and of necessity many important
aspects of MRI technology are omitted or considerably simplified.

BASICS OF MR IMAGE ACQUISITION

MRI uses a strong magnetic field and radio waves to produce images of human
tissue. MR imaging is based on a natural electromagnetic property of hydrogen
atoms called nuclear magnetic resonance (NMR). Hydrogen atoms are abundant in
fat and water in biological tissues. The protons of hydrogen atoms have spin and
a positive charge that together produce a small magnetic field. These spinning pro-
tons cause the hydrogen atom to precess around its axis, much like a spinning toy top
wobbles on its axis. Normally, hydrogen atoms in fat and water precess indepen-
dently and their magnetic fields are aligned randomly. Exposing the atoms to a
strong magnetic field (i.e., the bore of an MRI scanner) causes most of them to align
with the main magnetic field, and they begin to precess in phase at the resonance
frequency, which is proportional to the strength of the magnetic field. Higher field
magnets cause a greater proportion of atoms to align with the field, potentially pro-
ducing a superior image. The net alignment and precessional phasing are the starting
point for MR imaging.

The next step in MRI is to generate a signal that can be detected by the scanner.
To accomplish this, the tissue is bombarded with a brief radiofrequency (RF) pulse
corresponding to the resonant frequency of the precessing hydrogen atoms (Larmor
frequency). These RF pulses cause the atoms to absorb energy, flipping their align-
ment away from the main magnetic field, and producing a more complete locking
of the precessional phases. When the RF pulse is turned off, the absorbed RF energy
is released by two simultaneous processes, relaxation and dephasing. In relaxation,
there is loss of energy that causes the spinning atoms to realign with the main
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magnetic field. In dephasing, energy is lost due to loss of precessional phase across
atoms. The time required for the re-alignment is called T1 and the time required
for dephasing is called T2. The energy given off during the T1 and T2 relaxation
process is the signal that is measured by the MRI scanner to produce an image
(see Figures 3a and 3b).

MRI image contrast between tissue types occurs because fat and water have
different T1 and T2 relaxation times. Knowing these values, the timing of RF pulses
and signal measurement can be varied, with signal dominated by either T1- or T2-
weighting to produce images with different contrast effects. T1-weighted images pro-
duce good anatomic resolution, but are relatively insensitive to pathology. Most
pathology appears hypointense (dark areas) on T1. T2-weighted images produce
poor anatomic resolution, but most pathology can be readily seen as hyperintense.
The T2 signal is higher in pathological tissue because most pathology is associated
with increased water content (see Figure 3c). One limitation of T2-weighted images
is that both cerebrospinal fluid (CSF) and pathological tissue can be equally

Figure 3 T1 and T2 relaxation.
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hyperintense making it difficult to delineate boundaries between CSF spaces such as
the ventricles or subarachnoid space and adjacent pathology. Proton density images
were previously used to make this discrimination, because it provided for gradations
of hyperintensity between free water (e.g., ventricles) and bound water (i.e., pathol-
ogy). Currently, FLAIR (fluid attenuated inversion recovery) sequences are more
commonly used. FLAIR images produce superior anatomic resolution and better
discrimination of pathology from normal tissue. An example of lesion appearance
in these various pulse sequences is presented in Figure 4.

General Technical Issues in MRI

The standard MRI scanner consists of a main magnet; gradient coils to produce
magnetic gradients in the x, y, and z directions for signal localization, slice thickness
adjustments, and other important functions; RF transmitter and receiver coils (in
some scanners one set of coils serves both functions); an RF receiver that detects,
deconvolves, and amplifies the raw signal coming from the tissue; a pulse programmer
that controls the timing of RF pulse sequences and signal acquisition; a computer with
a console interface with specialized software that controls the pulse programmer and
reconstructs the raw data into images; and a film printer (Wolbarst, 1993a, 1993b).

Most standard MRI systems in use today are superconducting magnets with
field strength of 1.5 Tesla (1.5 T), which is approximately 25,000 times the strength
of the Earth’s magnetic field (Reyfman, 1997). Higher field systems (3 T and above)
are becoming more common. Pulse sequences typically used in clinical imaging are
pre-programmed on most systems and are adjustable within certain safety limits
to fine-tune different contrast effects. Research agreements between manufacturers
and institutions can be negotiated to allow the research centers to develop new soft-
ware, imaging sequences, and hardware.

A variety of free and commercial image analysis software programs are avail-
able for quantitative imaging analysis. Such programs permit morphometric analysis
of specific anatomical structures or lesions, segmentation of white matter from gray
matter and CSF, region-of-interest analysis, and numerous other procedures.
Frequently, MRI research centers develop their own ‘‘in-house’’ software to achieve
specific analyses.

Figure 4 Large vessel stroke of the left middle cerebral artery resulting in Wernicke’s aphasia. Note that

pathology is dark on T1-weighted image (a), bright on T2-weighted image (b), and that the FLAIR image

(c) allows discrimination of cerebrospinal fluid from lesion.
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IMAGING WHITE MATTER LESIONS USING CONVENTIONAL MRI

Ratings of WML

Much of the research on WML in the elderly has focused on determining the
presence or absence of WML and correlating WML severity with putative risk fac-
tors and with measures of cognition, behavior, and function (Mantyla et al., 1997).
Two approaches have been used for quantitating WML severity: visual rating scales
and computerized methods.

Visual rating scales are convenient, especially for clinical and epidemiological
studies, because they are based on the MRI (or CT) films and can be performed rela-
tively quickly without specialized computer software. Visual ratings of lacunar
infarctions typically involves determining their number and location. Visual ratings
of WMH are more complicated. Large lesions can be difficult to localize as falling in
periventricular or deep white matter. Another key limitation of visual WMH rating
scales is that they tend to take a continuous variable (i.e., severity of WMH) and
map it to an ordinal, categorical scale (e.g., absence, mild, moderate, severe) with dis-
crete scores and qualitative anchor points. This invariably constrains the range of
WMH severity, which in turn limits the available variance for correlational analysis
with cognitive test scores or other measures. Another limitation of some visual rating
scales is that raters must often make decisions about how to score WMH severity
that falls between the categories. Variability in the application of decision rules
can lead to unacceptably low levels of inter- and intra-rater reliability. This can be
improved with adequate rater training with a set of training images, establishment
of appropriate image exemplars for anchoring ratings, and deferring to consensus
ratings on particularly problematic cases.

Three key variables should be considered in a visual rating scale: location, size,
and number of lesions (de Leeuw et al., 2000). Initially, most researchers developed
their own rating scales. An early study (Mantyla et al., 1997) showed that use of dif-
ferent rating scales grouped individuals similarly in terms of their ‘‘grade’’ of WMH
severity. However, there was poor agreement about the severity of hyperintensities
in periventricular and deep white matter regions. Two methods have nonetheless
gained relatively wide acceptance: the Fazekas scale (Fazekas, Chawluk, Alavi,
Hurtig, & Zimmerman, 1987; Schmidt, 1992) and the Schelten’s scale (Scheltens et al.,
1993). Others include those of Victoroff (Victoroff, Mack, Grafton, Schreibear, &
Chui, 1994), Erkinjuntti (Vataja et al., 2003) and Manolio (Manolio et al., 1994).
The Fazekas scale was developed to assess periventricular and deep white matter
hyperintensities on a 0 (none) to 3 (severe) scale. The Scheltens scale (Scheltens et al.,
1993) attempted to improve upon the Fazekas scale. They designed a new rating scale
in which periventricular and deep white matter signal hyperintensities as well as basal
ganglia and infratentorial signal hyperintensities were rated separately in a semi-
quantitative way. They compared the inter- and intra-observer agreements of this
scale to the widely used rating scale of Fazekas. The new scale provided better
inter-rater agreement with respect to the white matter, basal ganglia, and infratentor-
ial signal hyperintensities; but it yielded no advantages in rating periventricular
hyperintensities. Comparative studies of inter-rater reliability among the different
scales have revealed two significant contributors to acceptable levels rater agreement:
number of hyperintensities and experience. Wardlaw, Ferguson, and Graham (2004)
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examined inter-rater agreement (Kappa coefficient) between two raters completing
multiple white matter hyperintensity MRI ratings scales on a large sample
(n ¼ 494) with mixed pathologies. They found the rater agreement was highest when
the number of hyperintensity was greatest and agreement fell when rating MR images
with fewer hyperintensities. A more recent study (Kapeller et al., 2003) examined the
interrater reliability of three raters trained at different sites and having different levels
of experience on three established visual rating scales (Fazekas, Scheltens, &
Manolio) on baseline and follow-up scans (1.5 to 4 years) of 74 elderly individuals.
Interrater reliability for the baseline scans was better between the Fazekas and
Scheltens scale than between those two and the Manolio scale. Interrater reliability
was poor for detecting progression of WML on the follow-up scans. There was no
difference in rating scores among the three raters despite their differing training
and levels of experience. This suggests that providing clear scoring instructions and
visual exemplars of the different severity ratings promoted consistency in the ratings.

Computerized Measures of WML

These methods are based on the digital MRI data and require specialized com-
puter software. Key advantages to these methods are that they can be automated or
semi-automated to increase inter- and intra-rater reliability, and they can provide a
more accurate volumetric measure of WMH and lacunar infarction burden corrected
for brain size. Limitations include the requirement for digital data (rather than just
the MRI film) and the increased time needed to perform the measurements. One
approach is to use a thresholding technique that segments tissue types (i.e., CSF,
white matter, WML, gray matter). This can be achieved by having the software pro-
gram display a histogram of pixel intensity values for the tissue to be segmented,
selecting an intensity threshold that has a high probability of including only that
tissue type, and then use the software to count all pixels within the specified intensity
range (Salloway et al., 1996). In seed-growing techniques, an algorithm detects
regions of interest grown from a seed inserted interactively by a user. The regions
consist of contiguous areas or volumes having similar pixel intensity values. Para-
meters for controlling the growth of the seed can be set interactively, or may be
determined automatically from a sample region. Regions of interest can be succes-
sively extended into adjacent slices, building up a three-dimensional (3D) volume
(Sivewright & Elliott, 1994). Usually, some form of user intervention is required
to exclude extraneous or missed voxels to finalize the volume determination. Lastly,
manual tracing of lesion boundaries has been used. In all of these approaches, WMH
volume can be calculated by multiplying the number of selected pixels by the slice
thickness and number of slices sampled. WMH volume can then be adjusted for
brain volume also measured with computer methods. One study comparing the man-
ual tracing method with two different visual rating scales found no clear superiority
for the computerized method in terms of improving inter-rater reliability or in the
correlation between ratings (Sachdev, Cathcart, Shnier, Wen, & Brodaty, 1999).
However, quantitative measurements may be superior to visual rating scales for
detecting progression of WMH (Prins et al., 2004) and may have higher correlations
with cognitive deficits thought to be disrupted by WMH (i.e., psychomotor proces-
sing speed, executive functions, visuoconstructional ability) (Davis Garrett et al.,
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2004). A meta-analysis also showed that quantitative measurements of WMH sever-
ity were more strongly correlated with psychomotor processing speed than were vis-
ual ratings (Gunning-Dixon & Raz, 2000). Taken together, these results suggest that
while inter-rater reliability might be similar between visual and computerized mea-
surements of WMH severity, the computerized measurements may be preferred
because of they have greater power to correlate with cognitive functions. Examples
of WMH and whole brain thresholding are shown in Figure 5.

NEW MRI TECHNIQUES FOR IMAGING WHITE MATTER

Magnetic Transfer Imaging

Magnetic transfer imaging (MTI) measures the exchange of magnetization
between the mobile and bound water (i.e., water bound to macromolecules) in tissues.
The key value of interest is the magnetic transfer ratio (MTR), a ratio of the signal
strengths with and without a special off-resonance RF pulse that suppresses signal
from both bound, and to a lesser extent, mobile water. The MTR is calculated for each
image voxel and these values are used to generate an image. MTI is highly sensitive
to demyelination and axonal loss (Bognato & Frank, 2003; Gavra, Voumvourakis,
Gouliamos, Sfagos, & Vlahos, 2004; Henkelman, Stanisz, & Graham, 2001).

MTI has found its greatest brain research application in the study of multiple
sclerosis (Bognato & Frank, 2003; Gavra et al., 2004; Henkelman et al., 2001;
Mezzapesa, Rocca, Pagani, Comi, & Filippi, 2003), in which it has been shown to
be capable of detecting alterations in white matter regions that appear normal on
conventional MR images (Filippi et al., 1995; Goodkin et al., 1998; Hiehle et al.,
1995). MTR decreases at the time of MS lesion development and then subsequently
increase with lesion recovery, but do not return to normal levels (Bognato & Frank,
2003; Goodkin et al., 1998). Also, differences in MTR values within the center vs.
periphery of MS lesions have been demonstrated suggesting that MTI is capable
of detecting gradations of demyelination within lesions (Hiehle, Grossman, Ramer,
Gonzalez-Scarano, & Cohen, 1995). The alterations in MTR have been shown to
correlate with pathological changes in myelination (Schmierer, Scaravilli, Altmann,
Barker, & Miller, 2004).

Figure 5 Semi-automated thresholding of white matter hyperintensities and whole brain volume on MRI.
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MTI may also be a useful tool for quantifying white matter changes in aging
and in diseases other than MS. For example, MTRs start to decline in both gray
and white matter after the age of approximately 40 years in both men and women
(Ge et al., 2002). Specific findings related to aging and dementia will be discussed
below.

Diffusion-Weighted Imaging (DWI)

DWI is an important clinical MRI method for detecting acute stroke. DWI
works by measuring the characteristics of water diffusion in the brain. In biological
tissue, diffusion of water molecules is restricted by microstructural barriers such as
cell membranes, organelles, and microtubules. Ischemia and other pathological pro-
cesses destroy or damage these microstructural barriers and this permits water mole-
cules to diffuse more freely.

In DWI, just as in conventional MRI, an RF pulse is used to excite the hydro-
gen atoms and bring them into precessional phase. DWI modifies this basic MRI
acquisition by applying two brief, strong, and opposing magnetic gradient pulses
in rapid succession. These diffusion-encoding gradients are applied in the time inter-
val between initial RF pulse but before signal readout (Stejskal & Tanner, 1965).
Diffusion-encoding gradients can be applied in any direction and combinations
are also possible (Bammer, 2003). In clinical DWI for stroke detection, diffusion-
encoding gradients are typically applied in the three principle axes of the scanner
(x, y, z). These gradients consist of a linearly increasing magnetic field superimposed
on the main magnetic field and are controlled by switching on and off the electric
current to the scanner’s gradient coils. Gradients can be applied sequentially or sim-
ultaneously, depending on the specifics of the image acquisition protocol (Bammer).
Protons at spatially different locations along the gradient experience a slightly differ-
ent magnetic field strength causing a slight shift in precessional phase from their pro-
ton neighbors. This shift in the phases of the protons would effectively cancel all the
signal. However, after turning off the first gradient pulse, a second pulse of equal
strength is turned on in the opposite direction. For protons that were stationary
(i.e., part of macromolecules), the second gradient unwinds the phase shift caused
by the first and there is no net phase change or signal loss. For mobile protons in
water molecules, the phase shift caused by the first gradient pulse is not entirely
unwound by the second gradient because the proton has diffused to a different
location along the gradient. This loss of precessional phase within a voxel results
in signal attenuation that is proportional to how far the proton has moved (Bammer;
Buxton, 2002; Reinges, Schoth, Coenen, & Krings, 2004). It should be noted that
multiple methods have been developed for acquiring DWI data that differ in terms
of the timing and application of RF pulses and diffusion-encoding gradients and
other parameters. Each method has its own advantages and disadvantages in terms
of the time taken to acquire the data, hardware considerations, and susceptibility to
different kinds of artifact (Bammer).

In DWI, signal is acquired with and without diffusion encoding and a diffusion
coefficient (D) is calculated for each voxel. The values of this ratio can mapped to an
image called the apparent diffusion coefficient (ADC) map in which areas with the
largest D (greatest diffusion) are brightest. Alternatively, a diffusion-weighted map
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can be created directly from the diffusion-encoded signal values. In these images,
regions of high diffusion appear dark because of signal attenuation (Bammer,
2003; Buxton, 2002).

Figure 6 presents an example of DWI in acute stroke. Note that the conven-
tional T2-weighted image (left) does not display the infarction, but the initial
DWI image (center) shows a small area of abnormality in the vicinity of Broca’s
area. The DWI acquired later (right) shows a larger area of infarction.

Despite its advantages for imaging acute ischemia, DWI used alone is limited
for describing the three-dimensional characteristics of water diffusion in white mat-
ter. In pure liquid, water molecules diffuse constantly and randomly, their speed
being dependent on temperature. This type of diffusion is isotropic; that is, water
molecules may diffuse at equal rates in all directions. In white matter, or other highly
organized tissue that restricts diffusion in one or more directions, water diffusion
becomes anisotropic, with the diffusion greater in some directions than others, i.e.,
greater along the axons than perpendicular to them (Beaulieu, 2002; Chabriat et al.,
1999). In most clinical applications of DWI, diffusion-encoding gradients are typi-
cally applied along the three main scanner axes (x, y, and z) (Buxton, 2002). This
is generally sufficient for characterizing diffusion in gray matter where cellular
barriers are not highly directionally aligned, and as a result, diffusion approaches
isotropy. However, the three x, y, and z diffusion-encoding directions are insufficient
for characterizing three dimensional anisotropic diffusion such as that found in
white matter or other directionally aligned tissues (e.g., muscle). Anisotropy mea-
sures obtained from DWI may be spuriously low and may inaccurately suggest
the presence of pathology particularly in regions where white matter pathways are
oriented obliquely to the scanner axes. For this reason, anisotropy estimates derived
from DWI are considered to be rotationally variant; that is, they are dependent on
the orientation of the tissue relative to the axes of the diffusion-encoding gradients
(Basser, Mattiello, & LeBihan, 1994; Basser & Pierpaoli, 1996; Pierpaoli & Basser,
1996). Accurate three-dimensional characterization of diffusion in anisotropic tissues
requires a method capable of producing rotationally invariant data. A technique for
achieving this is called diffusion-tensor imaging. (Basser & Jones, 2002; Pierpaoli,
Jezzard, Basser, Barnett, & Di Chiro, 1996.)

Figure 6 Diffusion weighted image three hours after acute onset of aphasia in an elderly woman. Adapted

from http://rabi.nmr.mgh.harvard.edu/fMRI/new/QTV.com/DWI+PWI.html.
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Diffusion Tensor Imaging (DTI)

DTI is an extension of DWI that provides information about the micro-
structural integrity of white matter in vivoby measuring the magnitude and direction
of water diffusion (Basser & Pierpaoli, 1996; Pierpaoli & Basser, 1996; Zhang,
Kindlmann, & Laidlaw, 2004). In DTI at least six diffusion weighted images are
acquired, each with different diffusion encoding gradients, from a set of non-
collinear directions (e.g., x, y, z, xy, xz, yz), instead of only three (Basser & Pierpaoli,
1996; Buxton, 2002; Pierpaoli & Basser, 1996; Reinges et al., 2004). An additional
image is typically acquired with no diffusion encoding. It is important to stress that
six diffusion-encoding gradients is the minimum for describing three-dimensional
anisotropy. More directions will improve the quality of the data and minimize
errors, particularly in regions where white matter fibers interdigitate.

DTI is mathematically complex and several steps are needed to summarize the
data and produce images. The first step in data processing is to summarize the data
from each of the multiple diffusion-encoded images for each voxel as a numerical
matrix or tensor (Ahrens, Laidlaw, Readhead, Brosnan, & Fraser, 1998; Reinges
et al., 2004). The tensor can then be mathematically reduced (diagonalized) to its
three principal eigenvalues and corresponding eigenvectors, which contain infor-
mation about the magnitude of the diffusion in various orienations. The eigenvalues
and eigenvectors are used to produce images of the DTI data.

At its most basic level, the diffusion tensor for each image voxel can be visua-
lized as an ellipsoid (see Figure 7). The shape of the ellipsoid is determined by the
relative magnitudes of the three eigenvalues, its size is determined by the product
of the eigenvalues, and its orientation is determined by the primary eigenvector of
the diffusion tensor (Laidlaw et al., 1998; Reinges et al., 2004; Westin et al., 2002;
Zhang, Kindlmann, et al., 2004).

The ellipsoid reflects the underlying tissue microstructure. Purely isotropic dif-
fusion is represented as a sphere showing that diffusion is equal in all directions.
Anisotropic diffusion is represented either as linear (cigar shaped) or planar (plate
shaped). Linear ellipsoids represent diffusion that is greatest in one direction and
restricted in the other two as might occur in a white matter fiber bundle. Planar ellip-
soids occur when diffusion is restricted in only one direction and may occur in
regions where fiber pathways cross (Westin et al., 2002; Zhang, Bastin, et al.,

Figure 7 Linear, planar, and spherical ellipsoids in DTI. Ellipsoids are an idealized representation that are

convenient as a conceptual heuristic; in actuality the shape of the diffusion ellipsoids are more complex.

Courtesy of Dr. Gordon Kindlmann, Harvard University.

14 PAUL MALLOY ET AL.



2004; Zhang, Demiralp, & Laidlaw, 2003). Brain maps of the spherical (isotropy),
linear, and planar diffusion can be produced based on these ellipsoids and their
underlying eigenvalues.

A more commonly used method of visualizing and analyzing DTI data is to
produce scalar parameter maps. These are 2D images based on scalar values calcu-
lated from the principal eigenvalues in each image voxel. Scalars are quantities that
have only magnitude (e.g., speed; 30 mph). Scalars contrast with vectors, which have
magnitude and direction (e.g., velocity; 30 mph, east). Among the many possibilities
for these values are diffusivity (i.e., the magnitude of diffusion) and anisotropy (i.e.,
the extent to which diffusion is directionally restricted). These variables serve as
indirect markers of the underlying tissue microstructure without reference to the
directional orientation of diffusion. For example, tissue damage often results in
increased interstitial fluid content with concomitant increased diffusivity. Damage
occurring to highly organized tissues such as white matter results not only in
increased diffusivity, but also to decreased anisotropy due to loss of axonal elements
that directionally restrict diffusion.

The most commonly reported DTI scalar parameters of diffusivity are the trace
of the tensor (i.e., the sum of the three principle eigenvalues) and mean diffusivity
(MD) (i.e., the directionally averaged diffusion; i.e., trace=3). MD and trace have
units of mm2=s and have values ranging from 0 to 1 with higher values representing
greater diffusion. The most commonly reported anisotropy scalars are relative
anisotropy (RA) (i.e., the ratio of the anisotropic to isotropic part of the diffusion
tensor) and fractional anisotropy (FA) (i.e., the fraction of diffusion that can be
ascribed to anisotropic diffusion) (Le Bihan et al., 2001). Like diffusivity measures,
FA and RA can take on any value from 0 to 1, with 0 representing random diffusion
and 1 representing completely directional diffusion. However, unlike diffusivity mea-
sures, FA and RA are unitless. In intact and highly organized white matter RA and
FA measures tend to be fairly robust, measuring above 0.35. In damaged white
matter, these values fall below 0.3, and in gray matter, with relative few organized
barriers to random diffusion, measures of anisotropic diffusion fall below 0.2.

In addition to these intravoxel scalar parameters of RA and FA, intervoxel
measures such as lattice index (LI) and coherence (C) have been used to describe
the coherence of anisotropy across neighboring voxels. The majority of published
clinical studies of white matter using DTI have compared patient and control groups
on these intra- and intervoxel scalar parameters. The expectation in these studies is
typically that white matter integrity will be poorer in the patient vs. control groups as
evidenced by increased diffusion and decreased anisotropy. Several studies using
these scalar parameters have now shown that DTI can detect changes in white matter
microstructural integrity in regions that appear normal on conventional MRI
sequences (Chabriat et al., 1999; O’Sullivan, Summers, et al., 2001).

Researchers have adopted two main approaches to analyzing DTI scalar data:
region-of-interest (ROI) and voxel-wise comparisons. The strength of an ROI
approach is that it allows researchers to examine discrete brain regions based on a
priori hypotheses. For example, a researcher might examine the hypothesis that
DTI values in frontal white matter ROIs might be more strongly related to executive
dysfunction than posterior regions. The ROIs are typically placed on one image vol-
ume at a time and then pooled across subjects and compared in statistical analyses.
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The potential disadvantage of the ROI approach is that it may overlook important
differences occurring outside of the chosen ROI (Type II error). In voxel-wise or
‘‘whole brain white matter’’ analyses, individual image volumes are spatially normal-
ized to a standard template. Then a segmented mask of the white matter is created
and composite maps of each group are compared statistically on a voxel-by-voxel
basis. The result is a statistical probability map of white matter differences among
groups. This approach provides an atheoretical method that may uncover unexpec-
ted relationships between white matter changes and function. The potential dis-
advantages of the voxel-wise approach are that it is highly dependent on the
thresholds used to determine statistical significance between voxels, and it may
identify spurious differences (Type I error).

Another important method for visualizing DTI data is tractography (Basser,
Pajevic, Pierpaoli, Duda, & Aldroubi, 2000). Tractography incorporates both scalar
and vector parameters to generate computerized representations of the topology of
white matter fiber pathways as they course through the brain—information that is
lost when scalar indices are used to compare differences in local brain structure.
The most basic approach to visualizing fiber directions is to produce color ani-
sotropy maps in which color represents the primary orientation of anisotropy and
intensity represents the degree of anisotropy (Reinges et al., 2004). These maps are
typically based on FA and the most common color scheme is to use red for left-right
fibers, green for anterior-posterior, and blue for superior-inferior.

In true tractography methods, mathematical algorithms are used to produce
colorized white matter fiber maps (see Figure 8) based on coherence of linear ani-
sotropy across voxels (Basser et al., 2000; Reinges et al., 2004; Wakana, Jiang,
Nagae-Poetscher, van Zijl, & Mori, 2004; Westin et al., 2002; Zhang et al., 2003).
In the simplest terms, these algorithms work by propagating a continuous track from
an initial seed-point in the direction of the principal eigenvector of a set of voxels
whose linear anisotropy is above a certain empirically pre-determined threshold.

Figure 8 Three-dimensional DTI reconstruction of white matter tracts using streamtubes. All tracts are

shown on the right; on the left thresholding and color coding has been used to display specific tracts, based

on coherence of linear anisotropy across voxels.
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If, over a certain specified distance, the track breaks (i.e., linear anisotropy falls
below the predetermined threshold) or its curvature becomes too great, it is termi-
nated. A number of labs have developed fiber-tracking methods, each with unique
strengths and weaknesses, and each using different digital glyphs to visualize fiber
tracts including lines (Westin et al.) and streamtubes and streamsurfaces (Zhang
et al., 2003). Results can vary depending on the formulas used to determine the main
direction of diffusion, and computational decision rules governing when to terminate
a tract due to directional changes or loss of anisotropy.

DTI tractography is still an evolving technique and limitations exist. Compar-
isons of fiber pathways are difficult to make across populations. Trial and error may
be needed to set the algorithm properly to minimize generation of spurious pathways
that have no anatomic correlate, and methods are needed for culling out numerous
small pathways that may obscure visualization of major fiber bundles of interest
(Zhang, Bastin, et al., 2004). Significant computational errors in trajectories can
occur in regions where the white matter structures cross, diverge, or are adjacent
to other tissues, resulting in the plotting of spurious pathways (Pierpaoli & Basser,
1996). Such errors can occur because the algorithm may follow a pathway of linear
anisotropy that is not real but rather arises from the amalgam of tensor vectors in
these regions of complex tissue microstructure. Tractography is also sensitive to
image noise from motion, or artifact and a small amount of noise can lead to signifi-
cantly different results.

DTI holds promise for understanding the impact of disease on white matter
health and for understanding functional brain connectivity. However, many caveats
need to be considered. First, post-processing of raw DTI data and generation of sca-
lar maps and tractography is computationally complex and can be time consuming,
depending on the algorithms used for estimating and fitting the tensors. At least one
scanner manufacturer now has software for producing scalar maps including color-
coded directional maps directly on the scanner console in real time. This holds prom-
ise for utilizing DTI data for clinical purposes, but many neuroradiologists are not
yet versed in interpreting these images. Second, the most commonly employed DTI
acquisition protocols rely on echo-planar imaging (EPI)—a very rapid method of
acquiring data. However, EPI is very susceptible to image distortion, especially in
orbitofrontal regions due to the differences in magnetic susceptibility of different
tissues. Third, DTI can be acquired very quickly when using EPI, but if the goal
is to perform tractography, small isotropic voxels (cube-shaped) and a high number
of gradient directions are preferred, and this can greatly increase scan time. This can
be a problem for studying certain populations such as elderly demented patients who
may not be able to tolerate a long acquisition. Fourth, DTI is highly sensitive to
movement. Movement during the application of one diffusion-encoding gradient
but not others can cause inaccuracies in the tensor. Some centers, especially those
performing tractography, use cardiac gating in which image acquisition is linked
to the cardiac cycle to reduce physiological movement. Fifth, because some degree
of image distortion is common, particularly in EPI-acquired images, registration
with high-resolution anatomic images can be difficult. A variety of acquisition
sequences and hardware have been developed to address many of these problems
(Bammer, 2003) but the improvements are often achieved at the expense of increased
scan time.
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CLINICAL APPLICATIONS OF NEW WHITE MATTER IMAGING TECHNIQUES

Age-Related Changes

Neuroimaging and neuropathological studies have consistently demonstrated
loss of white matter with age that exceeds cortical gray matter loss (Double et al.,
1996; Filley, 2001b; Jernigan et al., 2001; Meier-Ruge, Ulrich, Bruhlmann, & Meier,
1992). Adjusting for WMH does not alter the age-related white matter volume loss
(Guttmann et al., 1998).

In addition to white matter volume loss, WMH and lacunar infarcts are
common in the elderly. In clinically asymptomatic individuals the reported preva-
lence ranges from 20 to 60% for deep and subcortical white matter hyperintensities
and from 15 to 94% for periventricular changes. In general, studies have shown
that WMH increase with age (de Leeuw et al., 2000, 2001) and are correlated
with cognitive dysfunction (Barber et al., 1999; Boone et al., 1992; Breteler et al.,
1994; de Groot et al., 2000; Matsubayashi, Shimada, Kawamoto, & Ozawa, 1992).
For example, in the large scale Cardiovascular Health Study (Longstreth, 1998;
Longstreth et al., 1996), correlates of white matter findings were examined among
3301 participants who denied a history of stroke or transient ischemic attack. Neuro-
radiologists graded white matter findings on MRI from 0 (none) to 9 (maximal)
without clinical information. White matter grade was associated with greater age,
impaired cognitive function, and a number of risk factors.

A recent meta-analysis showed that the association between WMH and cognitive
function in non-demented elderly were generally modest and were strongest for psycho-
motor processing speed and executive function; significant correlations were also noted
for global cognitive ability and for immediate and delayed memory (Gunning-Dixon &
Raz, 2000). Controlling for age in the analysis did not significantly impact these rela-
tionships, and associations with general intelligence were not significant.

The relationship between WMH and cognitive function in the elderly has been a
matter of some dispute, however, with some studies failing to show an association
(Hershey, Modic, Greenough, & Jaffe, 1987; Mirsen et al., 1991). Some researchers
have suggested that there might be a threshold of WMH burden that must be exceeded
for the expression of cognitive deficit. In a sample of subjects with no WMH, mild to
moderate WMH, and large areas of WMH, substantial disturbances in basic attention
and selected frontal lobe skills were detected only in the six subjects with the large
WMH areas (Boone et al., 1992). However, in a large population study, de Groot
and colleagues (2001) showed that WMH were related to subjective cognitive decline
both in patients with and without objective cognitive impairment. Differences across
studies in the prevalence of WHM and pattern and strength of correlations with cog-
nitive function likely reflect methodological differences (Moser, Kanz, & Garret, 2005;
Fazekas, Schmidt, Kleinert, et al., 1998). These include visual rating vs. quantitative
measurement SH, inconsistencies in the threshold specified for defining the presence
or absence of SH, differences in cognitive test batteries and the methods used to reduce
the number of cognitive variables (e.g., composite standard scores vs. derived factor
scores), and inconsistent inclusion=exclusion criteria (Moser et al.).

The presumed mechanism whereby WMH are associated with cognitive dysfunc-
tion is disconnection due to disruption in white matter circuits. The disruption can
range from degraded white matter transmission of information between critically
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connected gray matter regions due to damaged myelin to frank disconnection due to
axonal loss. WMH are most prevalent in frontal regions, although WMH in any region
is associated with decreased frontal metabolism (Tullberg et al., 2004). The precise
mechanism whereby frontally-mediated functions appear to be preferentially impacted
by WMH is uncertain, but it may be due to a convergence of white matter pathways on
the frontal lobes (Kramer, Reed, Mungas, Weiner, & Chui, 2002; Tullberg et al.).

There has also been considerable debate in the literature about the impact of lacunes
vs. WMH on cognition. A recent study (Mungas, 2005) found that total lacune volume
accounted for a small amount of independent variance (5%) in executive function after
accounting for WMH volume and cortical gray matter and hippocampal volumes.
Lacunes were not, however, associated with memory function. This study did not localize
lacunes in specific functional circuits (e.g., thalamo-frontal tracts), so the role of strategic
infarct in producing cognitive impairment or dementia remained unclear.

Studies using magnetization transfer imaging (MTI) to study white matter
changes in aging have yielded mixed results. Some studies have found small but sig-
nificant age-related changes in MTR in normal individuals, which were thought to
reflect increase in white matter water content with aging (Armstrong et al., 2004;
Hofman, Kemerink, Jolles, & Wilmink, 1999; Silver, Barker, MacManus, Tofts, &
Miller, 1997). However, in a somewhat larger sample, Rovaris et al. (2003) found
no association between MTR and age in a sample of 89 individuals divided into
seven 10-year age groups.

Studies using DWI have generally found age-related increases in ADC with
age. For example, Lovblad et al. (2004) found an age-associated increase in ADC
in frontal white matter in patients referred for assessment of minor cognitive deficits.
This effect was noted in patients with and without WMH. Engelter, Provenzale,
Petrella, DeLong, and MacFall (2000) used DWI to study age effects on white
matter ACD values in 38 subjects with normal MRI. Subjects were selected from
a larger sample of individuals referred for clinical MRI. They found a small but
statistically significant increase in ADC in the white matter of individuals age 60
and older compared to those under 60. A similar but not statistically significant trend
was noted in the thalamus. In contrast, Helenius, Soinne, Perkio et al. (2002) found
no association between white matter ADC values and age in 40 men and 40 women
in four age groups: 20–34, 35–49, 50–64, and 65 and older.

Studies using DTI scalar parameters have demonstrated age-related reductions
in white matter anisotropy, increases in diffusivity, and decreased intravoxel coherence
with a tendency toward greater effects in anterior vs. posterior regions (Abe et al.,
2002; Head et al., 2004; Madden et al., 2004; Moseley, 2002; Pfefferbaum et al.,
2000; Shimony et al., 1999; Sullivan et al., 2001). Figure 9 gives an example of
age-related changes in FA demonstrated using DTI.

Some DTI studies have demonstrated a relationship between region-of-interest
(ROI)-defined age-related white matter changes and cognitive functioning. Madden
et al. (2004) found evidence of an anterior shift in attentional control with age.
Specifically, the best predictor of reaction time performance on a visual odd-ball task
was FA in the splenium in young adults, but in older adults the best predictor was
FA in the anterior limb of the internal capsule. O’Sullivan, Jones, et al. (2001) stud-
ied 10 younger and 20 older healthy controls and found that performance on an
executive measure (Trail Making Test part B minus part A) was significantly
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correlated with mean diffusivity in anterior ROI defined regions and verbal fluency
was correlated with FA in middle ROI-defined white matter. This correlation
remained significant after accounting for age, sex, white matter volume, premorbid
IQ estimate, and general cognitive functioning.

Degenerative Dementia

Quantitative MRI studies have found that patients with Alzheimer’s disease
(AD) or mild cognitive impairment (MCI) display more atrophy in entrorhinal
cortex and hippocampus than age-matched controls (Du et al., 2001). Although
there have been some negative findings (Kozachuk et al., 1990; Leys et al., 1990),
patients with AD are also more likely to have evidence of abnormal WMH than
age-matched controls (Hunt et al., 1989; McDonald et al., 1991). This has led to
an ongoing debate regarding the nature of these WMH in AD—Do they represent
vascular pathology associated with AD (e.g., amyloid angiopathy) or a separate
disease process (e.g., mixed vascular and AD dementia) (Barber et al., 1999)?

Prevalence estimates of WMH in patients with AD range from 21 to 100%
in periventricular regions and from 32 to 100% in deep white matter regions depend-
ing on the rating scale used and the severity of AD in the sample (Vermeulen &
Scheltens, 2000). The volume of WMH in patients with AD and mixed dementia
is more closely associated with cortical gray matter atrophy than with hippocampal
or entorhinal cortex volume (Capizzano et al., 2004; Du et al., 2005).

WMH may contribute to the conversion from MCI to dementia. One longi-
tudinal study using CT found that patients with MCI who converted to dementia
after 29 months had higher level white matter hypodensities, smaller left medial
temporal lobes, and a trend toward smaller right medial temporal lobes at baseline
(Wolf, Ecke, Bettin, Dietrich, & Gertz, 2000). WMH may also contribute to the
conversion from normal aging to MCI. In the Cardiovascular Health Study (Lopez

Figure 9 Age-related changes in anterior white matter FA in normal subjects: age ¼ 49 and FA ¼ 0.47 on

left, age ¼ 79 and FA ¼ 0.30 on right. Note the differences in the thickness of the genu and splenium on

representative slices through the lateral ventricles. FA was measured in the genu and white matter anterior

to the frontal horns of the lateral ventricles.
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et al., 2003), patients who developed MCI had a higher burden of WMH, larger
ventricles, more lacunes, and greater atrophy on baseline MRI performed approxi-
mately 6 years earlier. However, only lacunes and atrophy remained associated with
MCI in a logistic regression analysis that included the MRI variables along with
several demographic, genetic, and medical risk variables.

Vascular white matter injury may increase the risk of AD and its clinical sever-
ity. Van der Flier et al. (2004) found a synergistic interaction between high WMH
volume and medial temporal lobe volume, with the presence of both abnormalities
markedly increasing the risk of AD. Among subjects in the Nun Study (Snowdon
et al., 1997) who met pathological criteria for AD at autopsy, a clinical diagnosis
of dementia was more common in those who also had subcortical lacunar infarction.
Moreover, a lower burden or AD pathology was needed to produce clinical dementia
in the presence of lacunar infarcts. In contrast, lacunar infarcts were only weakly
associated with cognitive impairment and dementia diagnosis among subjects who
did not meet pathological criteria for dementia. A major multi-site study (Alzhei-
mer’s Disease Neuroimaging Initiative) sponsored by the National Institute of Aging
is currently underway to identify neuroimaging markers of conversion from normal
aging to MCI and from MCI to AD.

In contrast to the relationship between lacunar infarcts and dementia severity
in the Nun study, results of studies on the specific cognitive and behavioral correlates
of WMH in AD have generally failed to find robust relationships. Bigler, Kerr,
Victoroff, Tate, & Breitner (2002) found that WMH severity was not associated with
performance on the Mini-Mental State Exam (Folstein, et al., 2001) (MMSE) after
controlling for global cortical atrophy. It should be noted, however, that the MMSE
provides limited assessment of executive functioning and no assessment of processing
speed, the cognitive functions most strongly associated with WMH. Hirono, Kita-
gaki, Kazui, Hashimoto, and Mori (2000) reported that WMH volume was not asso-
ciated with performance on a cognitive test battery, but was positively correlated
with incontinence, the presence of a grasp reflex, and aberrant motor behavior. This
suggests that WMH can contribute to frontally-mediated neurological and neuro-
behavioral symptoms. Using a more comprehensive battery in a sample of patients
with both AD, subcortical vascular cognitive impairment, and mixed dementia,
Mungas et al. (2001) reported that cognitive impairment in the context of subcortical
vascular injury (with or without AD) was more strongly related to cortical atrophy
and hippocampal volume loss than to lacunar infarction or WMH volume. In con-
trast to the previous studies, Capizzano et al. (2004) reported that in a sample of 81
patients with AD, WMH volume was associated with poorer total recall on the
Buschke Selective Reminding Task.

Overall, studies using conventional imaging and neuropathology suggest that
vascular white matter injury may work synergistically with AD pathology to worsen
dementia symptoms and increase the risk of dementia diagnosis. WMH appear to be
associated with loss of cortical gray matter in AD and may advance disability in AD
by impacting psychomotor speed and motor functions. Debate continues as to
whether the pathogenesis of microvascular injury shares common mechanism with
the development of AD (Berzin et al., 2000; Salloway, Gur, et al., 2002).

Studies using MTI in AD have demonstrated significant reductions in MTR
in patients vs. controls in whole brain, cortical gray matter, and temporal lobes
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(Bozzali et al., 2001) and in the hippocampus (Hanyu et al., 2000, 2001). MTI may be
sensitive to early brain changes in MCI. One study reported that the peak height of
the MTR histogram (corrected for brain parenchymal volume) was lower in the
whole brain and in the temporal and frontal lobes of patients with MCI and AD
compared to controls. (van der Flier et al., 2002). The authors hypothesized that
the differences might be attributable to Wallerian degeneration and neuronal loss
as well as demyelination and gliosis. Lower MTR has even been found in the hippo-
campus of patients with MCI vs. controls (Hanyu et al., 2001), and patients with
MCI have reductions in bilateral temporal MTR vs. controls without significant
reductions in temporal lobe volume (Kabani, Sled, Shuper, & Chertkow, 2002).
Hence, MTR values may be useful for detecting MCI related changes prior to the
lobar volumetric changes seen in AD.

A small number of studies have used DWI to examine white matter integrity
in AD. Hanyu et al. (1997) reported increased diffusivity (ADC values) in normal-
appearing anterior and posterior periventricular white matter and loss of anisotropy
in posterior periventricular white matter in patients with mild-to-moderate AD vs.
controls. Kantarci et al. (2001) examined diffusivity (ADC) and an anisotropy index
in patients with MCI, AD, and controls. Region of interest analysis revealed signifi-
cantly higher ADC in the hippocampus of MCI patients vs. controls, but no other
regional ADC differences were found between these groups. In contrast, the AD
group displayed significantly lower ADC values than the controls in the hippocam-
pus and in white matter in parietal, occipital, temporal stem, and posterior cingulate
regions. For the anisotropy analysis, the only significant group difference was lower
anisotropy in the occipital white matter of MCI patients vs. controls. One consider-
ation of these studies is that a full tensor model was not developed for the diffusion
weighted imaging, thus slight variations in head position within the scanner could
affect the resulting measures of anisotropic diffusion. Kantarci et al. (2005) recently
reported a subsequent longitudinal study of 21 patients with amnestic MCI and
54 controls who had DWI at baseline and who received annual follow-up clinical
evaluations. At baseline, the MCI group had higher hippocampal ADC values
and lower hippocampal volumes and these were negatively correlated. Hippocampal
ACD significantly predicted conversion to dementia 29.5 months later. The addition
of hippocampal volume to the Cox proportional hazards model did not improve pre-
diction suggesting that hippocampal DWI predicts conversion to dementia at least as
well as hippocampal atrophy. Taken together, these studies demonstrate the ability
of DWI-derived ADC values to detect changes in white matter and hippocampal
regions that appear normal on conventional MRI sequences in patients with AD
and MCI. Higher ADC values in the hippocampus of patients with MCI may predict
conversion to dementia.

Studies using DTI have detected white matter changes in small samples of
patients with mild to moderate AD who were screened for the presence of significant
vascular-related white matter changes on T2-weighted images. There is some indi-
cation that posterior white matter fibers are more severely affected in AD than
anterior white matter, but this has not been a consistent finding (Bozzali et al.,
2001, 2002; Head et al., 2004; Rose et al., 2000; Takahashi et al., 2002). Some studies
have also demonstrated DTI parameters to be associated with global cognitive
functioning (Bozzali et al., 2002; Rose et al.). The source of white matter DTI
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abnormalities in AD is unclear, but a recent study suggests that it may be related to
over-expression of amyloid b (Ab). Song, Kim, Lin, Brendza, and Holtzman (2004)
measured relative anisotropy and trace in several white matter structures in trans-
genic mice that develop age-dependent Ab deposits and neurofibrillary tangles, the
pathological hallmarks of AD. Relative anisotropy was decreased and trace was
increased in several white matter structures in the older transgenic mice relative to
age-matched control mice. The authors also examined directional anisotropy and
concluded the results implied that the DTI parameter changes reflected loss of mye-
lin without significant axonal injury. They noted that this was consistent with the
report of Bozzali et al. (2002) who found increased diffusivity and decreased frac-
tional anisotropy in the corpus callosum and in the frontal, temporal, and parietal
lobes of patients with AD vs. controls but that a measure of intervoxel coherence
of anisotropy did not differ significantly between groups.

Head et al. (2004) used DTI to study young controls, elderly controls, patients
with very mild AD (clinical dementia rating ¼ 0.5) and mild AD (clinical dementia
rating ¼ 1.0). There were significant age effects of diffusivity and anisotropy in
anterior and posterior corpus callosum and in frontal, temporal, and occipital white
matter, and these effects were greater for anterior vs. posterior regions. However,
there was little additional acceleration of DTI changes in anterior white matter
regions, whereas there were slight but statistically significant reductions in diffusivity
in temporal, parietal, and occipital regions in the AD vs. old control groups. The
authors concluded that AD likely imparts a mechanism of white matter change in
posterior regions that is distinct from the anterior changes seen in normal aging.
Fellgiebel et al. (2004) also used DTI to study patients with MCI. They showed that
relative to controls patients with MCI had reductions in diffusivity but not FA in the
left centrum semiovale, the right and left temporal lobes, and the right hippocampus.

Cerebrovascular Disease

Extensive WMH or lacunes may be sufficient to produce vascular dementia, inde-
pendent of any cortical neurodegenerative disorder such as Alzheimer’s disease. This is
thought to occur by degrading of cortico-cortical and cortico-subcortical white matter
pathways. WML tend to be more severe in anterior than posterior regions, and this
may explain the preponderance of executive, processing speed, and behavioral abnor-
malities in this disorder (Ishii, Nishihara, & Imamura, 1986; Tanabe et al., 1999;
Tullberg et al., 2004). However, a single strategic infarct in critical pathways (e.g.,
thalamus, basal forebrain) can produce dementia (Auchus, Chen, Sodagar, Thong,
& Sng, 2002; Tatemichi, Desmond, & Prohovnik, 1995; Van der Werf et al., 2003).

Small vessel disease (revealed as WMH) shares risk factors with lacunar and
cortical stroke (e.g., hypertension, diabetes mellitus, cardiac disease). WMH may
be an earlier expression of the same disease that leads to large vessel stroke and
may increase the risk of intracerebral hemorrhage (Inzitari, 2003). Stroke patients
with WMH are at greater risk for subsequent stroke and for post-stroke (vascular)
dementia (Inzitari, 2000; Leys & Pasquier, 2000).

In addition to the aforementioned associations with cognitive functions of
executive functioning, processing speed, and memory, WMH is also associated with
gait impairment in patients with early vascular dementia and in community-dwelling
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elderly. Computerized measures of periventricular WMH have been shown to be
associated with computerized assessment of impaired gait in patients thought to be
in the early stages of vascular dementia (Hennerici et al., 1994). The authors theorized
that the association reflected disruption of thalamo-cortico-mediocapsular circuits.
More recently, Starr et al. (2003) demonstrated an association between gait and
WMH in a group of 97 community-dwelling elderly. Visual ratings were performed
of deep and periventricular white matter (Fazekas scale) and brain stem lesions. Brain
stem lesions were associated with decreased walking speed and poorer balance. Struc-
tural equation modeling produced two latent traits: one that incorporated deep and
periventricular white matter and brain stem lesions and one that incorporated walk-
ing speed, balance, anxiety and depression, and a measure of non-verbal abstract
reasoning. The two latent variables were moderately correlated (p ¼ .47).

MTI may be more sensitive to conventional MRI for detecting subtle vascular
white matter injury. Wong, Grossman, Boorstein, Lexa, and McGowan (1995) found
that MTR was decreased in lesioned and in normal-appearing white matter in
patients with WMH compared to normal elderly. Tanabe et al. (1999) demonstrated
that MTR may detect differences in the severity of lesions with similar appearance on
T2-weighted images. They studied MTR values in patients with subcortical ischemic
vascular disease (SIVD) and controls. The SIVD group had a higher volume of WMH
and larger ventricles. MTR values in periventricular WHM were lower in patients
than in controls and there was a trend toward MTR being lower in periventricular
vs. non-periventricular WMH in both groups. MTR values were not related to the
size of the lesions nor did they appear to be due to measurement error from partial
volume effects. MTR values were not associated with scores on the MMSE.

High sensitivity (94%) and specificity (100%) have been reported in the diag-
nosis of acute cerebral infarction with DWI (Stadnik et al., 2003). DWI has been
shown to detect stroke earlier than conventional MRI (Huisman, 2003). DWI can
be useful in monitoring stroke evolution (Davis & Donnan, 2004), and can help to
discriminate stroke from other brain diseases which may manifest with sudden
neurological deficits mimicking acute ischemic stroke (Romano et al., 2003).
The combination of DWI with perfusion-weighted imaging (an MRI technique that
provides information about cerebral blood flow) within the first few hours of a stroke
may be helpful in determining what affected tissue is capable of recovery, and hence
whether to employ thrombolytic therapy (Schellinger, Fiebach, & Hacke, 2003). DWI
may be sensitive for detecting new silent lacunar infarctions in patients who already
have ischemic leukoariosis (O’Sullivan, Rich, Barrick, Clark, & Markus, 2003) or
vascular dementia (Choi et al., 2000). In addition to its ability to detect new lesions,
results of one study raise the possibility that DWI may be useful for staging the
severity of WMH since ADC values within lesions have been shown to decline as
the overall severity of WMH increased (Helenius, Soinne, & Salonen, 2002).

Diffusion-tensor imaging (DTI) studies of both experimental and human
stroke suggest that DTI may provide more information about the evolution of acute
ischemia than available from DWI (Sotak et al., 2002). Acute reductions in the aver-
age diffusivity following the onset of cerebral ischemia are often accompanied by
increases in diffusion anisotropy. In the transition from acute to sub-acute and
chronic stroke, average diffusivity normalizes and subsequently increases, whereas
diffusion anisotropy measures (e.g., FA) decline and remain reduced in chronic
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infarcts. ADC information has been combined with that of other MR parameters
(including DTI) to unambiguously stage and predict ischemic brain injury over its
entire temporal evolution.

Studies using DTI in patients with SIVD have demonstrated changes in scalar
parameters of diffusion and anisotropy in white matter regions that appear normal
on conventional MR sequences. O’Sullivan and colleagues (2004) reported signifi-
cant correlations between DTI changes in normal appearing white matter (NAWM)
and performance on executive measures in patients with SIVD vs. normal elderly
controls. These correlations remained significant after controlling for age and T1
and T2 lesion volumes. DTI abnormalities were reported in abnormal-appearing
white matter in patients with CADASIL (cerebral autosomal dominant arteriopathy
with subcortical infarcts and leukoencephalopathy), a genetic form of SIVD, vs. nor-
mal controls (Chabriat et al., 1999). The DTI abnormalities were correlated with
global cognitive impairment, measured by the MMSE, and with greater functional
impairment. A similar but less robust pattern of results was observed in NAWM.
Molko et al. (2001) showed DTI changes in non-infarcted regions of the putamen
and thalamus in patients with CADASIL vs. normal controls, and the thalamic
DTI changes were correlated with MMSE score. In a subsequent study, Molko
et al. (2002) also demonstrated that whole-brain diffusivity was related to MMSE
and functional capacity at baseline in patients with CADASIL and was sensitive
to progression of white matter changes at 21-month follow-up.

Late-Life Depression and Apathy

It has long been recognized that depression is common after large vessel corti-
cal stroke (Robinson & Price, 1982). However, it is becoming increasingly clear that
depression can also result from subcortical vascular disease, particularly in the eld-
erly (Alexopoulos et al., 1997; Krishnan, 1991; Krishnan, Hays, & Blazer, 1997;
Kumar, Lavretsky, & Haroon, 2005). MRI studies have demonstrated that patients
with late-onset depression have more severe and frequent patchy lesions in the fron-
tal deep white matter and basal ganglia than do controls or patients with early-onset
depression (Krishnan, 1991, 2002; Krishnan et al., 2004; O’Brien, Perry, Barber,
Gholkar, & Thomas, 2000; Salloway et al., 1996). Figiel et al. (1991) found a higher
occurrence of caudate (60% vs. 11%) hyperintensities in elderly subjects with late-
onset depression compared with early onset elderly depressed subjects. These find-
ings indicate that late-onset depression may be mediated by disruption of frontal
cortical circuits due to vascular white matter injury.

Some research on small groups of patients also suggests that white matter
lesion burden may be related to treatment response in late-life depression. Levretsky
(1999) conducted a 6-year follow-up of 16 patients with late-life depression to evalu-
ate the relationships between clinical and neuroradiologic variables and disease out-
come. Patients had a comprehensive neuropsychiatric evaluation and magnetic
resonance imaging (MRI) at baseline and follow-up. Six of eight patients with a
chronic course had WMH on MRI at baseline. Four patients whose WMH increased
in size over time developed a chronic unremitting course of depression. No patients
with non-chronic depression had large areas of WMH at baseline or exhibited
increased WMH size over time. In contrast, Salloway and colleagues (Salloway,
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Correia, et al., 2002) found no difference in antidepressant treatment response
between elderly depressed subjects with high vs. low levels of visually-rated WMH
severity. Alexopoulos, Kiosses, Choi, Murphy, and Lim (2002) used diffusion tensor
imaging to study remission of depression in a small number of geriatric patients in an
open treatment trial of citalopram at a target daily dose of 40 mg for 12 weeks.
Lower FA of the right and the left frontal white matter regions 15 mm above the
anterior commissure-posterior commissure plane was associated with a low
remission rate after age was considered. Remission was not significantly associated
with FA of lower frontal regions or a temporal region.

Many elderly patients who are diagnosed with ‘‘depression’’ actually display
little disturbance of mood and no dramatic sadness. Rather, they lack energy, initiat-
ive, and drive (Lampe & Heeren, 2004). This has led some researchers to suggest that
there is a distinct syndrome of apathy, with different phenomenology, etiology, and
response to treatment (Marin, 1991; Marin, Fogel, Hawkins, Duffy, & Krupp, 1995;
Watanabe et al., 1995). A number of scales have been developed recently to assess
apathy (for review see Malloy & Grace, 2005). Disruption of medial frontal circuits
in a variety of diseases has been associated with apathetic syndromes, ranging from
reduced motivation to akinetic mutism (Cummings, 1995; Mega & Cummings,
1994). Apathy is the most common neuropsychiatric problem in AD (Boyle &
Malloy, 2004), and reduced frontal perfusion in AD is associated with greater apathy
(Craig et al., 1996). Apathy is more common in the frontal than the temporal variant
of fronto-temporal dementia (Liu et al., 2004). Apathy is also present in up to 45%
of patients with Parkinson’s disease (Isella et al., 2002), which is known to affect
fronto-subcortical circuits. Both large vessel stroke and small vessel cerebrovascular
disease are pathologic processes that can affect frontal circuits (Bogucki,
Janczewska, Koszewska, Chmielowski, & Szymanska, 1991; Okada, Kobayashi,
Yamagata, Takahashi, & Yamaguchi, 1997), and apathy and abulia are common
after stroke involving these circuits (Bhatia & Marsden, 1994; Engelborghs, Marien,
Pickut, Verstraeten, & De Deyn, 2000; Piamarta et al., 2004).

There have been few studies relating WMH and apathy. Nebes et al. (2001)
studied ninety-two community-dwelling elderly individuals. Hyperintensities in the
deep white matter, but not in the periventricular white matter, were associated with
impaired motivation, concentration, and decision-making. This relationship was
especially strong in individuals carrying the APOE-4 allele. Starkstein et al. (1997)
reported higher levels of apathy and extrapyramidal motor signs in patients with
AD who had moderate WMH compared with those with low levels of WMH. The
two groups did not differ in terms of their performance on an extensive neuro-
psychological test battery. Thomas et al. (2004) found that the presence white matter
disease on CT, particularly in frontal areas, was associated with higher levels of
apathy and poorer performance on frontal cognitive testing.

SUMMARY

Clinical neuroscientists have focused increasing attention on white matter con-
nections in the brain, and on the effects of aging and disease on them. The develop-
ment of magnetic resonance imaging has allowed clinicians to correlate white matter
lesions with behavior change. Recent advances in image acquisition techniques and
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computerized analysis tools provide researchers with powerful techniques to better
relate white matter structure and function. Computer-assisted quantification of
white matter lesion load appears to offer better statistical power than visual rating
scales in detecting these relationships. New imaging modalities such as MTR,
DWI, and DTI can detect white matter abnormalities not shown with conventional
acquisition sequences. These newer techniques hold promise for early detection of
disease, characterizing disease course, and for delineating functional connections
between brain areas.
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