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Abstract
Several newer magnetic resonance imaging (MRI) techniques are increasingly being applied to the
study of white matter development and pathology across the lifespan. These techniques go beyond
traditional macrostructural volumetric methods and provide valuable information about underlying
tissue integrity and organization at the microstructural and biochemical levels. We first provide an
overview of white matter development and discuss the role of white matter and myelin in cognitive
function. We also review available studies of development that have employed traditional volumetric
measures. Then, we discuss the contributions of four newer imaging paradigms to our understanding
of brain development and aging. These paradigms are Diffusion Tensor Imaging (DTI),
Magnetization Transfer Imaging (MTI), T2-Relaxography, and Magnetic Resonance Spectroscopy
(MRS). Studies examining brain development during childhood and adulthood as well as studies of
the effects of aging are discussed.
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1. Introduction
Cerebral white matter develops rapidly during the perinatal period and infancy, continues to
mature into the second and even third decades of life and undergoes further change as part of
the aging process (Pfefferbaum et al., 1994; Courchesne et al., 2000; Iwasaki et al., 1997).
Characterizing these changes in brain structure is essential to our understanding of brain
function across the lifespan. Until recently, knowledge of white matter development and
maturation was limited to that derived from pathological studies and neuroimaging studies
utilizing volumetric measures from conventional Magnetic Resonance Imaging (MRI). Several
newer in vivo magnetic resonance (MR) imaging methods that provide more information about
microstructure of cerebral white matter have become available. These newer methods have
the potential to advance our understanding of white matter development over the lifespan
beyond previous studies which were limited to measuring macrostructure.
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This article will provide a framework within which to understand the potential applications of
these brainimaging methodologies to the study of development and aging. First, we review the
function and development of myelin. Next, we discuss the role of myelin specifically and white
matter more generally in brain function. We then provide an overview of previous
developmental and aging research using conventional MR volumetric methodology. Finally,
we describe the white matter neuroimaging methods and summarize findings relevant to the
study of development and aging. Four methods are described: Diffusion Tensor Imaging (DTI),
Magnetization Transfer Imaging (MTI), T2 Relaxography, and Magnetic Resonance
Spectroscopy (MRS). We discuss the merits of the individual techniques and the potentially
unique contributions that each of these methods offers to the study of white matter in a
developmental context.

2. Myelin
The myelin sheath is a multi-layered structure consisting of alternating protein and lipid layers.
Myelin sheaths are formed by oligodendrocytes and exist in a symbiotic relationship with
neurons (Brady et al., 1999). Fully developed myelin contains cholesterol (28%),
galactocerebroside (22%), phosphatidylethanolamine (12%), phosphatidylcholine (11%),
sphingomyelin (8%), phosphatidylserine (5%), sulfatide (4%), phosphatidlyinositol (1%), fatty
acids, and proteins (Inder and Huppi, 2000). The MR methods available for evaluating white
matter microstructure are all sensitive to myelin development and integrity and are all related
to the properties of water within the myelin sheath, in the interstitial space outside of the sheath,
and in cerebrospinal fluid (CSF) (Barkovich, 2000).

The signal in MR imaging varies depending on the parameters of the pulse sequence and the
tissue being examined. Two important components of the signal (T1 and T2) are related to the
relaxation times of the nuclei of interest, typically hydrogen. Protons in different brain tissue
have different T1 and T2 relaxation times. The contrast in a conventional MR image results
from the “mapping” of these differences in relaxation times (McRobbie et al., 2003). T1 and
T2 relaxation times are relevant to the study of development and aging because they change
along with changes in brain water content. Furthermore, they change as myelin develops.
“Bound” water within the myelin sheath has shorter T1 and T2 relaxation times while “free”
water in the extracellular space has longer T1 and T2 relaxation times (Whittall et al., 1997).
Early in brain development, bound water is likely responsible for the shortening of T1
relaxation time seen during white matter development. T2 relaxation time, which also shortens
with development, is more related to extracellular water and water within the axon itself. During
development, changes in extracellular water may reflect displacement of water by myelin as
it matures and takes up space. Changes in axonal water during development may reflect
displacement by microtubules and microfilaments inside the axon (Barkovich, 2000).

Myelination of axons, which is essential for efficient neural transmission, proceeds in an
orderly spatial and temporal sequence. In humans, posterior regions are myelinated prior to
anterior regions (Kinney et al., 1988; Barkovich et al., 1988; Hayakawa et al., 1991). Cerebral
myelination is rapid and extensive during the first 2 years of human life, but the process
continues slowly into adolescence and young adulthood (Holland et al., 1986). The last fibers
to be myelinated are inter-cortical associational neurons (Yakolev and Lecours, 1967).
Myelination in the frontal lobes occurs into adolescence and early adulthood. Although clear
links between this frontal myelination and cognition have not been well-established, it is
noteworthy that significant cognitive changes in frontal-executive functioning also occur
during adolescence and early adulthood. This association does not demonstrate the link, but
clearly suggests that further investigation is warranted in this area.

Wozniak and Lim Page 2

Neurosci Biobehav Rev. Author manuscript; available in PMC 2010 July 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Myelin also undergoes a number of significant changes over the long term including
deterioration with age, as evident in studies of non-human primates. One common form of
deterioration is localized splitting of the myelin lamellae, which results in cytoplasm enclosures
(Peters, 2002a). “Balloons” can also form in the myelin sheath as a result of cavitation of the
cytoplasm (Feldman and Peters, 1998). Both of these types of abnormalities, which can occur
as a result of damage or genetic factors, also occur commonly in the aging brain. “Redundant
myelin” is another problem, evidenced by studies showing that axons in older primate brains
have more layers of myelin in the sheath than younger brains (Peters et al., 2001). In humans,
myelin volume appears to increase with age until the sixth or seventh decade, likely as a result
of the addition of redundant myelin. By the eighth decade in humans, myelin begins to break
down significantly. Analogous studies of aging in non-human primates have demonstrated that
these myelin abnormalities are correlated with cognitive deficits and that the relationship is
probably mediated by a decrease in conduction velocity of the affected axons (Peters,
2002b). This loss of conduction velocity with aging has been seen in other non-primate species
(Xi et al., 1999). Lowered conduction velocity is also likely to be a significant factor in the
cognitive deterioration seen in human aging (Peters, 2002a, b).

Although myelin breaks down with age, studies of nonhuman primates show that new myelin
is generated even in old age (Peters, 2002b). Oligodendrocytes, the cells responsible for myelin
creation and maintenance, increase in numbers with age in rhesus monkeys (Peters et al.,
1991), perhaps because of the increasing burden of maintaining myelin that is degenerating.
Oligodendrocytes are heterogeneous and there is some evidence to suggest that those involved
in later myelination produce myelin that may be more vulnerable to breakdown than myelin
produced earlier in development (reviewed in Bartzokis et al., 2004). The increased
vulnerability of late-myelinating regions such as frontal and temporal regions may underlie the
changes in processing speed, executive functioning, and memory seen in normal human aging
and, to a greater degree, in age-associated diseases such as Alzheimer’s disease.

3. The role of cerebral white matter in brain function
Cerebral white matter comprises three major types of fibers: commissural fibers (corpus
callosum, anterior and posterior commissures, and hippocampal commissure) that mainly
connect homologous regions in the right and left hemispheres; association fibers that mainly
connect regions within the same hemisphere both locally and at a distance; and projection
fibers that consist of afferent and efferent connections between cortex and deep gray matter
structures. Historically, white matter has been thought to be primarily involved in motor and
sensory functioning. However, more recent evidence clearly indicates that white matter’s role
as the “backbone” of neural networks in the brain is also critical to many important aspects of
higher cognitive functioning including attention, executive functioning, non-verbal/visual-
spatial processing, and general processing speed (Geschwind, 1965; Filley, 1998). Various
neurodevelopmental and neurological conditions affecting white matter have been shown to
be associated with a specific pattern of deficits referred to as a Non-verbal learning disability
(NLD) (Rourke et al., 2002; Myklebust, 1975; Rourke, 1995). Rourke and others have
suggested that this specific pattern of deficits may be related to right hemisphere specialization
for these functions and the higher white matter to gray matter ratio in the right hemisphere,
especially in frontal regions (Rourke, 1995; Gur et al., 1980; Weinberger et al., 1982). In
contrast, many verbal language functions, which are more localized in regions of the left
hemisphere, may be less dependent on overall white matter integrity. Recent voxel-based
morphometry studies have provided new insights into the relationships between white-gray
matter ratios and regional hemispheric specialization. For example, (Watkins et al., 2001)
found higher gray-white ratios in specific left hemisphere language regions compared to
homologous regions in the right hemisphere. Lastly, it is worth considering data from studies
of adult patients with various types of white matter pathology including multiple sclerosis
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(Rao, 1995), toxic leukoencephalopathy (Filley and Kleinschmidt-DeMasters, 2001), cerebral
autosomal dominant arteriopathy with subcortical infarcts and leukoence-phalopathy
(CADASIL), and others (Pantoni and Garcia, 1995), which also provides evidence that white
matter is particularly important to executive function, attention, processing speed, and motor
skill.

A number of studies using different methodologies have demonstrated a relationship between
white matter integrity and neurocognitive skill within the context of aging in humans. As in
the studies of development, a significant relationship exists between white matter integrity and
specific neurocognitive functions including executive functions, attention span, and processing
speed (Filley, 1998; Pantoni and Garcia, 1997; de Groot et al., 1998). For example, in a sample
of healthy elderly patients, Ylikoski et al. showed a significant relationship between the severity
of leukoaraiosis (seen on conventional T2-weighted MR images as hyperintense white matter
lesions) and performance on neuropsychological measures of attention and processing speed
(Ylikoski et al., 1993). Fukui showed a relationship between white matter hyperintensities and
poor performance on a speeded naming task (Fukui et al., 1994). In a large sample of elderly
subjects, white matter hyperintensities were found to correlate with performance on a speeded
task (Longstreth et al., 1996). Unfortunately, many of the studies showing these relationships
are cross-sectional rather than longitudinal and have other methodological issues (Ferro and
Madureira, 2002). Nevertheless, there is compelling evidence to suggest that much more
detailed study of the white matter changes that accompany aging is warranted.

4. Volumetric studies
Studies utilizing MR measurements of tissue volume have evolved from analyses relying on
hand-outlined volumes (Filipek et al., 1994) to more sophisticated analyses incorporating
automated segmentation (Inder and Huppi, 2000; Good et al., 2001; Fischl et al., 2002;
Ashburner and Friston, 2005; Ashburner and Friston, 2000). Segmentation routines typically
rely on the MR signal intensity as well as “knowledge” about typical tissue distribution within
the brain in order to classify individual voxels as gray matter, white matter, and cerebrospinal
fluid (CSF) (Pfefferbaum et al., 2000). Studies have shown that MR volumetric measures are
reliable (Iwasaki et al., 1997) and sensitive to the rapid growth in white matter volume during
the first year of life (Holland et al., 1986; Huppi et al., 1998a), which corresponds to the known
time frame for rapid myelination as evidenced by pathologic studies. MR volumetric studies
looking at development across the lifespan have shown fairly reliable changes in tissue volumes
(Rivkin, 2000). Giedd et al. found significant increases in corpus callosum volume with age
in a sample of subjects between 4 and 18 years old (Giedd et al., 1996). Within the context of
a longitudinal study, Giedd et al. demonstrated that white matter volume increases in a roughly
linear fashion in most regions of the brain into at least the early 20 s (Giedd, 2004). Others
have found similar results. A combined longitudinal/cross-sectional analysis of subjects ages
4–20 demonstrated that white matter volume increases with age (Giedd et al., 1999). White
matter density in several regions including the internal capsule and arcuate fasciculus was
shown to be significantly correlated with age in a sample of children 4–17 years old (Paus et
al., 1999). In a study of patients ages 4 months to 28 years, Iwasaki et al. found that total white
matter volume increased quickly until age 10 and then continued to increase more slowly into
adolescence (Iwasaki et al., 1997). Pfefferbaum et al. found that while gray matter volume
peaked at around age 4, white matter volume increased until around age 20 (Pfefferbaum et
al., 1994). In their older subjects (21–70 years), they noted a steady decline in gray matter but
no significant decrease in white matter volume. Courchesne et al. quantified the rapid growth
in white matter during early childhood as a 74% increase in volume by age 15 (Courchesne et
al., 2000). Furthermore, they demonstrated continued, slower growth of white matter into the
fourth decade. In addition, they noted a 13% decrease in white matter volume among their
oldest subjects (70–80 years). Good et al. did not observe a significant decrease in overall white

Wozniak and Lim Page 4

Neurosci Biobehav Rev. Author manuscript; available in PMC 2010 July 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



matter volume with age but did report some localized loss of white matter tissue volume
primarily in the posterior limbs of the internal capsule (Good et al., 2001). They suggest that,
although myelin deteriorates with age, white matter bulk increases with capillary expansion
and swelling of perivascular spaces, perhaps “canceling out” each other and resulting in very
little net change in white matter volume. Bartzokis et al. noted a slow increase in frontal and
temporal white matter volume into the 40 s (peaking at around 45 years of age) and, in contrast
to Good et al., noted a subsequent decline in volume in older subjects (Bartzokis et al., 2001).
This discrepancy could potentially be related to differences in the samples: Good et al.
examined 465 men and women who were selected from a large pool of 1761 community
volunteers and whose MRIs were screened for any significant abnormalities. In contrast,
Bartzokis et al. seem to have had a more inclusive set of entrance criteria and did not mention
MRI abnormalities as an exclusionary criteria. Bartzokis et al. also studied only men, whereas
the Good et al. study included both sexes. Lastly, the men in the Bartzokis et al. study were
somewhat older (19–76 years) than the men in the Good et al. study (17–68 years).
Nevertheless, using a different methodology—examining transverse relaxation time (R2 = 1/
T2 × 1000 ms/s), which changes as a result of myelin breakdown—Bartzokis et al. showed a
similar developmental pattern of decline in frontal white matter integrity after the age of 38
years (Bartzokis et al., 2003).

Looking across studies, it seems clear that white matter volume does change well beyond
adolescence, increasing in most studies at least into the fifth decade. In the later years, the
volumetric findings are less clear, but most investigators seem to agree that there are important
white matter changes occurring, even if they are not measurable with standard volumetric
techniques. Lastly, it is noteworthy that in the majority of studies examining the relationship
between age and white and gray matter volumes during development, white matter volume
increases are accompanied by corresponding decreases in gray matter volume (Paus et al.,
2001).

5. Diffusion tensor imaging
DTI measures the magnitude and directionality of water diffusion in tissue. Without barriers,
the random Brownian movement of water molecules is uniform in all directions or “isotropic.”
In the presence of barriers such as cell membranes, fibers, and myelin, the diffusion can be
greater in one direction than others and is termed “anisotropic.” MR is well suited to the
quantitative and non-invasive measurement of diffusion (Stejskal and Tanner, 1965) and was
developed into an imaging technique by Le Bihan et al. (1986). Using MR, an apparent
diffusion coefficient (ADC) can be computed. In a set of animal experiments, it was found that
the ADC was higher in the direction parallel to white matter fibers because water diffuses
relatively freely parallel to the fibers (Moseley et al., 1990). In contrast, the ADC was low in
the direction perpendicular to the fibers because water diffusion is restricted by axonal
membranes, microtubules, neurofilaments, and myelin (Beaulieu, 2002). The development of
DTI provided a method to measure the magnitude and direction of water diffusion without
concern for the orientation of the sample in the magnet (Pierpaoli and Basser, 1996; Pierpaoli
et al., 1996). The “tensor” in DTI refers to a mathematical construct for representing the
magnitude of directional water diffusion in a three-dimensional volume (Moseley et al.,
2002).

A DTI data set includes diffusion-weighted images with the diffusion sensitized in non-
collinear directions. A minimum of six non-collinear images is needed but, often, 12 or more
images are collected in order to increase the accuracy of the measure. A diffusion tensor matrix
is constructed from the collected data and three eigenvectors are calculated using matrix
diagonalization (Basser and Pierpaoli, 1998). Scalar measures can be derived from these
eigenvectors. The sum of all three eigenvalues (λ1 + λ2 + λ3) is the “trace” of the diffusion
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tensor. The first and largest of these eigenvalues, λ1, is a representation of the water diffusivity
parallel to the axonal fibers and is referred to as the axial diffusivity (Basser, 1995). The second
and third eigenvalues, λ2 and λ3, represent water diffusion in the planes orthogonal to the long
axis of the axon and are typically averaged (λ2 + λ3)/2 to yield a measure of radial
diffusivity. Relative anisotropy (RA) is a ratio of the anisotropic part of the tensor to the isotropic
part. Fractional anisotropy (FA) represents the fraction of the magnitude of tensor that is due
to anisotropic water diffusion (Basser et al., 1994; Masutani et al., 2003). The equation listed
below (1) reflects the computation of FA. In the formula, λM represents the mean diffusivity
or (λ1 + λ2 + λ3)/3:

(1)

Mean diffusivity decreases while FA increases with brain maturation as a result of a number
of changes to axons including development of the axon structure, changes to the axonal
membrane, and myelination (Neil et al., 1998; Nomura et al., 1994; Sakuma et al., 1991).
Within the myelin sheath itself, water movement becomes increasingly anisotropic with
development. Initially, it was thought that myelin was the primary contributor to anisotropy in
axons (Rutherford et al., 1991). It has since been demonstrated that other changes to the axons
also contribute significantly to increasing anisotropy with development. The contribution of
myelin to diffusion anisotropy has been investigated in a number of in vitro studies that found
similar degrees of diffusion anisotropy in myelinated and unmyelinated axons (Beaulieu and
Allen, 1994a, b). These studies of excised, non-mammalian axons may be limited in terms of
generalizability to intact mammalian systems. However, studies of “pre-myelinated” neurons
in mammalian species, including rats, have corroborated the general finding that myelin is not
necessary in order for fibers to have significant diffusion anisotropy (Prayer et al., 2001;
Wimberger et al., 1995).

DTI studies of human brain maturation have revealed that this methodology is highly sensitive
to very early changes during brain development in newborns (Neil et al., 1998). Diffusivity
changes rapidly during these early periods. ADC is significantly higher in newborns than in
older infants. During the first 3 or 4 months of life, ADC drops by more than 25% (Morriss et
al., 1999). By 3 years of age, ADC values are similar to adult values. Other DTI measures,
such as FA, are also sensitive to very early developmental changes in newborns (Gilmore et
al., 2004) but are, perhaps, uniquely sensitive to further changes in white matter over longer
periods of development. For example, Klingberg et al. demonstrated lower anisotropy in frontal
white matter in children (mean age 10) compared to adults (mean age 27) (Klingberg et al.,
1999). Schmithorst et al. found significant correlations between age and white matter trace
values (inverse correlations) as well as FA measures (positive correlations) in multiple white
matter regions in subjects ranging in age from 5 to 18 years (Schmithorst et al., 2002). Nagy
et al. reported significant correlations between cognitive measures (reading and working
memory) and FA in specific left-frontal and temporal white matter regions (Nagy et al.,
2004). Age, which ranged from 7 to 18 years, was a significant correlate in this study, and the
authors suggest the findings may reflect a relationship between brain development and
cognitive skill development.

Looking across studies, it becomes clear that imaging methodologies such as DTI do not
measure a single characteristic of white matter development. Rather, DTI reflects underlying
changes in tissue at a number of levels (Neil et al., 2002). Although DTI was initially seen as
primarily a measure of myelin status, it is clear that DTI reflects other aspects of axonal integrity
and the organization and alignment of groups of axons and fibers in white matter tissue
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(Beaulieu, 2002; Neil et al., 2002). Findings which demonstrate that diffusion anisotropy is
present well before myelination corroborate this (Inder and Huppi, 2000; Huppi et al.,
1998b). As neurons mature and myelinate, the space between neurons decreases, resulting in
restricted diffusion and increased anisotropy. It is also important to note that measures such as
DTI likely reflect different aspects of development during different developmental phases. For
example, changes in DTI observed during the neonatal period may be more a function of overall
changes in brain water content and physical growth of axons while, in contrast, the changes in
DTI seen in early childhood and adolescence are likely more reflective of myelination.

Specific DTI measures may be differentially sensitive to aspects of white matter change with
development and with disease processes. In a study of dysmyelination, Song et al. examined
shiverer mice, which have a mutation in myelin basic protein resulting in incomplete
myelination, but normal axons (Song et al., 2002). These authors showed that radial diffusivity,
but not axial diffusivity, was sensitive to the dysmyelination in this model. Axial diffusivity
was nearly identical in animals with and without myelin. Shiverer mice showed significantly
lower RA and higher radial diffusivity than control mice. Interestingly, these authors noted
that the nearly complete lack of myelin in these mice only resulted in a 20% increase in radial
diffusivity, again pointing toward the importance of nonmyelin factors in white matter
diffusion anisotropy. Further evidence for the specificity of these DTI measures was provided
by a study of retinal ischemia in mice (Song et al., 2003). The authors demonstrated that optic
nerve axonal degeneration, which occurred quickly after ischemia, was associated with an
increase in axial diffusivity. Demyelination, which occurred later, was associated with an
increase in radial diffusivity. Most recently, Song et al. (2005) demonstrated that radial
diffusivity was sensitive to both demyelination and re-myelination in mice who were fed
cuprizone. Cuprizone, which affects oligodendrocytes, resulted in demyelination. This was
reflected in increased radial diffusivity in the corpus callosum. After removal of dietary
cuprizone, re-myelination was reflected in decreasing radial diffusivity values (returning to
normative levels).

DTI studies have demonstrated white matter abnormalities in a number of neuropsychiatric
conditions including schizophrenia, major depression, and HIV infection, as well as chronic
alcohol and cocaine abuse (Lim and Helpern, 2002; Moeller et al., 2005; Lim et al., 2002). A
number of studies have also examined the utility of DTI measures in the study of normal and
abnormal aging (Moseley et al., 2002). In a study of men ranging in age from 23 to 76 years,
Pfefferbaum et al. noted a significant decline in FA with age in all white matter regions studied
(Pfefferbaum et al., 2000). Decline was most notable in the genu of the corpus callosum and
in the centrum semiovale but less prominent in the splenium. Sullivan et al. demonstrated
similar findings of decreasing FA with age and showed a relationship between slowing of motor
speed and decreasing FA in their sample (Sullivan et al., 2001). In a relatively large study of
subjects ages 23–85 years, Pfefferbaum and Sullivan (2003) found that DTI trace increased
with age and FA decreased with age, both suggesting deterioration of white matter over time.
A recent study examining FA and age found the characteristic decline with age and also showed
that FA correlated with slowed response times in older subjects on a visual task (Madden et
al., 2004). In a review of DTI studies of aging, Moseley concludes that these observed declines
in FA with age across various studies are likely related to the changes in axons, loss of myelin,
and increase in extracellular space that accompanies normal aging (Moseley, 2002).

In a transgenic mouse model of Alzheimer’s Disease (using PDAPP mice that over-express
amyloid precursor protein), Song et al. found that DTI measures were sensitive to amyloid
plaque depositions in older mice but not younger mice (Song et al., 2004) with differences seen
in radial diffusivity but not in axial diffusivity. In human studies of patients with probable
Alzheimer’s disease, significant changes in diffusion in white matter have been observed (Rose
et al., 2000; Sandson et al., 1999). In a study of early Alzheimer’s disease, Choi et al. found
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reduced FA, increased mean diffusivity, and increased radial diffusivity in superior frontal
white matter (Choi et al., 2005). These authors noted that their findings supported the theory
of “retrogenesis”, which suggests that the pathologic processes in Alzheimer’s disease proceed
in an opposite manner to normal developmental patterns (Reisberg et al., 1999). This and other
evidence (Braak and Braak, 1996) suggests that white matter regions which mature later in life
(i.e. superior frontal and temporal regions) may be affected first in pathologic conditions such
as Alzheimer’s disease.

DTI certainly has great potential to provide unique data about white matter maturation over
the lifespan. At this point, the relationship between newer measures, like DTI, and volumetric
measures is not especially well understood. Within the context of development and aging, both
measures potentially provide an assessment of structural maturation and integrity. While
volumetric measures provide information about macrostructural changes such as fiber growth
and large-scale changes in myelination, DTI provides a finer-grained assessment of structural
integrity. During early development, DTI may be more sensitive than volumetrics to axonal
transitions from unmyelinated to myelinated. DTI may also be more sensitive to abnormalities
in early myelination and fiber organization than volumetrics. In later development and aging,
DTI and volumetrics may potentially combine to yield information that neither method alone
can provide. For example, DTI’s sensitivity to myelin breakdown with aging, combined with
volumetric data providing evidence of redundant lamination, may ultimately help clarify some
of the inconsistent findings concerning white matter changes during aging that have been
reported in the literature thus far. In any case, it is clear that volumetrics and DTI both have
tremendous potential for increasing our understanding of brain development especially when
utilized in the context of longitudinal studies and/or cross-sectional studies examining wide
age ranges.

Future advancements will come from continued integration of multiple imaging modalities,
refinements to DTI data collection methods, and continued implementation of non-human
studies that validate the methodology and help clarify the relationships between underlying
physiology and DTI measures.

6. DTI tractography
Interest in DTI tractography has developed rapidly in recent years (Moseley et al., 2002). Each
voxel in a DTI data set contains vector information that reflects the directionality and magnitude
of diffusion in the underlying tissue. Tractography uses algorithms to determine if one voxel’s
effective diffusion vector is likely “connected” with the neighboring voxel (Parker et al.,
2002). Visual representations of fibers spanning these voxels are then constructed using a
maximum-likelihood method. Using oversampling techniques and interpolation,
representations of fibers are constructed at greater spatial resolution than the actual images
collected. These methods yield images which correspond to the known underlying anatomy.
Although this methodology is promising and the images are often strikingly detailed, there are
significant limitations to the technique (reviewed in Ramnani et al., 2004). For example, while
tractography works well in deep white matter structures with high FA, such as corpus callosum,
it is not as effective in less central regions of white matter where fiber directionality is more
diverse, such as at the junction with gray matter. In addition, caution is needed in the application
and interpretation of current methods because of the artifacts that arise when relying on
“coarsely sampled, noisy, voxel-averaged direction field data” and the fact that these artifacts
may show “phantom connections… that do not exist anatomically” (Basser and Jones, 2002).
Smaller voxel sizes do improve tractography results but do not get around the problems caused
by voxels containing curved, crossing, or branching fibers (Basser et al., 2000). Newer DTI
methods, such as high angular resolution diffusion imaging (HARDI) (Tuch et al., 2002,
2003) and Q-Ball imaging (Tuch, 2004)do have potential yielding more robust measures of
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fiber integrity, even when there is intravoxel crossing, branching, or curving. In a recent review,
Ramnani et al. (2004) discuss several new approaches to the complexities of imaging
increasingly finer white matter tracts and less central tracts including the use of global
probability density functions. Behrens et al. (2003) have provided an elegant example of
probabilistic tractography methods in mapping tracts that connect specific thalamic regions
with specific gray matter locations in cortex. Johansen-Berg et al. (2004) utilized both
probabilistic tractography techniques and functional MRI to map distinct tracts and cortical
regions involved in a cognitive task. In summary, much work remains in solving the challenges
inherent to tractography, but it is certainly a very promising technique that will likely contribute
greatly to our understanding of connectivity within the brain.

7. Magnetization transfer imaging (MTI)
MTI is a brain imaging technique that relies on transfer of magnetization between protons in
different water “pools” within the tissue. Protons that are bound to macromolecular structures
(e.g., myelin and cell membranes) are characterized by restricted motion while protons in free
water have relatively unrestricted motion (Wolff and Balaban, 1989). The interaction between
protons in these two pools produces the contrast that allows for tissue differentiation. MTI
provides a quantitative measure of macromolecular structural integrity of the tissue. This most
commonly used MT measure is the magnetization transfer ratio (MTR), which is described
below (Wolff and Balaban, 1994). The technique is particularly relevant to the study of disease
because it is capable of detecting subtle neuropathological changes in vivo before it manifests
on conventional MRI. White matter MTR decreases are seen in conditions with myelin or
axonal loss including multiple sclerosis, central pontine myelinolysis, cerebral ischemia,
systemic lupus, HIV, and traumatic brain injury (Ernst, 1999; Gass et al., 1994; Kado, 2001;
Bosma, 2000; Sinson, 2001). MTI has been used to demonstrate white matter abnormalities in
multiple sclerosis and seems to be highly sensitive to white matter changes that are associated
with neurocognitive deficits (Filippi et al., 2000). In multiple sclerosis, MTI typically shows
effects of the disease both in areas of white matter lesion as well as in normal appearing white
matter (NAWM) (Hiehle et al., 1994). Findings have also been observed in schizophrenia
(Bagary et al., 2003; Kiefer et al., 2004). In general, MTR may be more sensitive to certain
types of neuropathology than conventional MR volumetric imaging (Bagary et al., 2003; Foong
et al., 2001).

MT contrast is achieved by saturating macromolecule protons using an off-resonance radio
frequency (RF) pulse. These macromolecule protons then interact with protons in neighboring
free water, reducing the MR signal from the tissue. The formula for computing MTR is listed
below (2). In this formula, M0 represents the MR signal intensity without the saturation pulse
and MS represents the signal after the saturation pulse:

(2)

MTR differs by tissue type, allowing for differentiation of tissue in the resulting image. Tissues
with a high number of restricted or bound protons will show a large MT effect. Myelinated
white matter, which contains a large number of bound proteins in lipids, has a higher MTR
than gray matter (Mehta et al., 1995; Mehta et al., 1996). Within white matter, myelin water
contributes disproportionately to the MTR effect. For example, using bovine optic nerves and
MT modeling, (Stanisz et al., 1999) demonstrated that the MT effect was largely a result of
water bound to myelin macromolecules as opposed to water in the axon or in the extracellular
space. This suggests that MTR is a relatively specific measure of myelin status.
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MTR increases with brain myelination, probably as a result of increasing interactions between
“bound” water and glycolipids, cholesterol, and galactocerebrosides in myelinating neurons
(Barkovich, 2000; Engelbrecht et al., 1998). In young children, myelination of white matter is
reflected in increasing MTR values during the first year and a half to 2 years of life (Engelbrecht
et al., 1998; van Buchem et al., 2001). MTR measures within specific white matter fiber bundles
show that changes in MTR correspond to the well-established pattern of posterior to anterior
myelination in the brain (Rademacher et al., 1999). Also, MTR was found to be higher in
commissural and projection fibers compared with association fibers. In addition, MTR reflects
the very early myelination of projection fibers (within the first month of life) (Rademacher et
al., 1999). MTR appears to be relatively stable throughout adulthood (Mehta et al., 1995).
Armstrong et al. (2004) found that MTR was stable throughout adulthood but noted a trend
suggesting a slight increase in regional white matter MTR with age, especially in the occipital
and temporal regions. Other studies have demonstrated decreasing MTR with age (Ge et al.,
2002; Tanabe et al., 1997), but these studies did not remove the potentially biasing effects of
white matter hyperintensities (Armstrong et al., 2004). Armstrong et al. suggest that, if the
effects of hyperintensities are controlled, MTR increases slowly until age 60 or 70 as a result
of myelin accumulation (redundant lamination). Further MTI studies in healthy older subjects
(70s and 80s) are warranted to determine if MTI is sensitive to the significant deterioration in
myelin status (e.g., myelin breakdown, splitting, ballooning, etc.) that has been shown to occur
in those decades (Svennerholm et al., 1997).

Although MTR is the most commonly used measure of magnetization transfer, its interpretation
is not entirely straightforward because it relies on a simple two-pool model (a free-water pool
and a bound-water pool). The resulting MTR actually reflects a combination of various
relaxation and exchange properties. (Sled and Pike, 2001) also suggest that MTR values are
heavily dependent on specific pulse sequence characteristics and indicate that MTR results are
difficult to compare across studies. As an alternative, they have proposed a quantitative MT
method which yields measures of the fractional size of the restricted water pool, the
magnetization exchange rate, the T2 of the restricted pool, and the relaxation of the free water
pool. Sled et al. (2004) have demonstrated that the size of the restricted pool reflects different
aspects of myelin than MTR. They also showed that this alternative measure was more sensitive
to regional variations in myelin than was MTR. Thus, quantitative MT measures may have the
potential to provide more detailed information about properties of the underlying white matter
tissue.

8. T2 relaxography (T2R)
T2R is an imaging modality that can provide a measure of the myelin water fraction within
tissue (MacKay et al., 1994). In brain, the T2 signal is made up of several components with
distinct T2 relaxation times (Laule et al., 2004). These components are each thought to be
related to specific “pools” of water. A fast relaxing T2 component (~ 10–50 ms) is attributed
to water trapped between the hydrophobic bilayers that form the myelin sheath (Jones et al.,
2004; Menon and Allen, 1991). A long component (>1 s) is related to water in CSF. A third,
intermediate component (~70–100 ms) is due to intracellular and extracellular water. The sum
of the three components described above reflects total brain water. By collecting a multiple
echo sequence during which the signal is refocused at different times, these different T2
components can be individually quantified (Whittall et al., 1997; MacKay et al., 1994). A
myelin water fraction is defined as the ratio of the fast-relaxing T2 component (10–50 ms) to
total water signal. The first studies using this methodology collected 32 or more echoes (from
10 to 320 ms) in order to quantify the T2 relaxation curve (Whittall et al., 1997; MacKay et
al., 1994). Typically the determination of the T2 spectrum is performed using a non-negative
least squares (NNLS) algorithm but faster linear combinations of multiple echo data have also
been used (Jones et al., 2004).
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Studies examining subjects with multiple sclerosis have found reduced myelin water fraction
not only in demyelinated lesions (MacKay et al., 1994) but also in NAWM (Laule et al.,
2004; Moore et al., 2000; Vavasour et al., 1998). In these studies, myelin water fraction in
NAWM was reduced by 16% on average. Flynn et al. (Basset et al., 2003) found that patients
with schizophrenia had a white matter myelin fraction that was 26% lower than controls. In
that study, frontal lobe myelin fraction was inversely correlated with age in control subjects
but not in patients, suggesting that T2R is sensitive to normal myelination during development
and to myelin abnormalities in neuropsychiatric disorders. An investigation of multiple
sclerosis which compared MTR data and T2R data found that both were useful measures of
white matter status but MTR and T2R were not correlated with each other, suggesting that they
measure different aspects of white matter in this population (Vavasour et al., 1998. Gareau et
al., 2000) found reduced MTR and reduced T2R-derived myelin fraction in an animal model
of multiple sclerosis (experimental allergic encephalomyelitis in guinea pigs), but
demonstrated that the two methods measured somewhat different aspects of white matter
change in this model. Specifically, changes in MTR occurred in parallel with the clinical signs
of disease and MTR returned to nearly normal levels with treatment. In contrast, the myelin
water percentage as determined by T2R, was found to be uniformly reduced throughout the
illness course and was not reactive to treatment. The authors concluded that changes in MTR
were reflective of the inflammatory-induced changes occurring in NAWM as a result of the
disease and T2R was specifically sensitive to loss of myelin.

The Gareau et al. study suggests that T2R has applicability as an indicator of myelin pathology.
It is less clear, however, how T2R will apply to the study of development across the lifespan.
We are not yet aware of any studies of normal development that have utilized T2R
methodology. A related but different methodology, T2 Relaxometry, has been utilized in a few
studies. In contrast to T2R, which is a multi-exponential method, T2 Relaxometry measures a
single mono-exponential value from the tissue. One study of young children who were born
prematurely (mean age = 7) revealed longer T2 relaxation times in cerebral white matter
compared to age-matched children who were born full-term (Abernethy et al., 2003). Another
T2 Relaxometry study, which examined a small group of healthy children ages 3 months to 13
years, found that three-pool modeling revealed changes in myelin that corresponded very well
to known patterns of myelination during development (Lancaster et al., 2003). Thus, both T2
Relaxometry and T2R may be useful methods for the study of myelin growth during important
developmental periods such as adolescence and may also be applicable to the study of myelin
changes during aging.

Until recently, T2R has typically been performed with a 32-echo sequence resulting in a 26
min acquisition time and limited to a single slice. Newer methods utilizing as few as three
echoes have been developed (Vidarsson et al., 2005). These methods result in a 5 min
acquisition time and also allow for collection of multiple slices. Fig. 1 contains an example of
a myelin fraction image collected using a three-echo sequence. It is likely that multi-slice T2R
imaging will steadily improve in the near future, allowing researchers much more flexibility
in designing studies.

9. Magnetic resonance spectroscopy
MRS is unique among MR imaging methodologies because it provides a measure of the
chemical composition of tissue. A number of metabolites, including N-acetyl aspartate (NAA),
phosphocreatine, choline, myo-inositol, glutamine, glutamate, GABA, glucose, taurine,
scylloinositol, and lactate can be measured in the brain with proton MRS. MRS utilizes a set
of RF pulses to perturb nuclei within various molecules and subsequently measures the
resulting resonant signal. Because the frequency of the signal depends on the specific chemical
structure and environment of the molecule, a spectrum can be constructed to indicate the
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amplitude of the signal for various frequencies. From this spectrum, the level of various
metabolites can be calculated. As typically implemented for brain measurements, MRS is
performed for a single voxel placed within a region of interest in the brain. However,
metabolites can be measured in larger areas of tissue, whole slices, and even whole brain
volumes with spectroscopic chemical shift imaging (CSI) (Brown et al., 1982; (Kuker et al.,
2004; Guimaraes et al., 1999).

Because NAA is found only in neurons, it is often used as a marker of neuronal integrity
(Birken and Oldendorf, 1989). NAA levels are frequently found to be lower than normal in
conditions resulting in injury to brain tissue (Friedman et al., 1998; Davie et al., 1994; Lu et
al., 1996). NAA levels can also serve as a marker of development as levels are known to change
systematically with age. Because choline level reflects cellular density and is related to cell
membrane integrity (choline is a precursor of phosphatidylcholine—a major constituent of cell
membrane), NAA level is frequently contrasted with choline level in the form of a ratio: NAA/
Cho as a single measure of neuronal integrity. Kadota et al. found that, while NAA/Cho levels
decreased gradually from childhood to old age in gray matter, the pattern was different in white
matter (Kadota et al., 2001). Specifically, NAA/Cho levels increased throughout childhood
and peaked in the second or third decade. There were regional differences for the peak in NAA/
Cho levels: parietal white matter peaked at 15.9 years, pre-central motor cortex at 17.6 years,
and frontal association white matter at 21.9 years. Interestingly, they also noted a 1–4 year
maturational advantage in right hemisphere white matter compared to left hemisphere white
matter. Kadota et al. also found that, starting in the third decade, NAA/Cho levels begin to
decline steadily.

Spectroscopy is relevant to the current discussion because of its sensitivity to myelin status
(Kuker et al., 2004). The ratio of choline to creatine (Cho/Cre) is particularly relevant to the
study of white matter development. During periods of extensive myelination early in life, the
Cho/Cre ratio declines quickly, presumably because choline is being incorporated into
macromolecule components of myelin (Kreis et al., 1993). Elevations in white matter Cho/Cre
have been observed in children with mild developmental delays at the age of 2 years,
presumably as a result of under-myelination (Filippi et al., 2002). Charles et al. found that the
choline, creatine, and NAA levels were all lower in the gray matter of older subjects than
younger subjects, but found no differences in white matter between older and younger subjects
(Charles et al., 1994).

MRS provides in vivo measurements of important brain chemicals. Since these chemicals are
in the millimolar concentration level, the signal to noise ratio is low when compared to
measuring water signal (50 M), as is done with MRI. Also, the low signal-to-noise ratio limits
resolution to the level of cubic centimeters. Despite these current limitations, MRS provides
unique information about tissue status and integrity that is unavailable from any other
methodology. MRS is emerging as an important tool in the study of both development and
aging and it will very likely yield important data in the years to come.

10. Summary
In recent years, there has been a steady increase in interest in white matter imaging in the study
of disease as well as in normal development and aging. This interest is being fueled by the
recognition of white matter’s role in cognition, by the evidence for very significant changes in
white matter structure over the course of the lifespan, and by the development of new tools
that permit noninvasive examination and quantification of white matter properties beyond those
of conventional MRI.

To date, the methods reviewed here have provided exciting new insights into the development
and aging of white matter. The most dramatic changes in white matter occur during infancy.
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Rapid myelination during this period is reflected in changes in nearly all measures of white
matter including volumetrics, diffusivity, myelin water, and macromolecular metrics. During
the early childhood years, the various imaging methods diverge somewhat in terms of their
sensitivity to further developmental change. For example, FA seems to be sensitive to changes
in white matter organization well into the early adult years, but measures of mean diffusivity
are less sensitive beyond early childhood. Perhaps this reflects the fact that axons are developed
and organized into fiber bundles early on in childhood, but more subtle changes to myelin,
especially regional changes, continue to occur into adulthood. Volumetric measures continue
to reflect changes into the fourth and fifth decades and, perhaps, even beyond. These may also
reflect changes in myelination level, especially regionally. MTR may stabilize earlier in
adulthood than other measures and, thus, may be a more useful measure of developmental
change in white matter during the early years. The type of macromolecular changes to which
MTR is sensitive may not occur much beyond early stages of development. MRS may be
uniquely sensitive to changes that occur very early on during infancy, but there are suggestions
that it may also be useful in the study of myelin breakdown that occurs in aging. The study of
aging during the later decades, using various neuroimaging methods, is beginning to yield
results, but there are challenges to overcome. One of these challenges is finding ways to parse
the changes in MR signals that are due to deterioration or breakdown of white matter
constituents from the changes in MR signals that are due to compensatory processes such as
redundant myelination and changes in signal due to age-associated phenomena such as small
bleeds, etc. It is for these reasons that the combination of multiple imaging modalities may be
especially useful.

The application of multiple imaging methods in the same subject has not been common.
Clearly, this has tremendous potential to allow for a more detailed understanding of brain
development, organization, pathology, recovery, etc. Combining measures of cognition with
the various imaging methodologies is also critical to maximizing their potential, given our
limited understanding of structure–function relationships in the context of development. Thus,
continued application of these new imaging techniques, in conjunction with carefully designed
studies of brain function during early childhood, adolescence, and adulthood, will contribute
greatly to our understanding of brain development across the lifespan.
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Fig. 1.
Comparison of imaging methodologies: (a) standard T1-weighted image; (b) Diffusion Tensor
Imaging (DTI) Fractional Anisotropy (FA) map; (c) Magnetization Transfer Ratio (MTR)
image computed from a Magnetization Transfer Imaging (MTI) series; (d) T2R myelin fraction
image.
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