Chapter 3
Diffusion Sensitive Magnetic Resonance
Imaging of the Central Nervous System

Jeffrey J. Neil and Joseph J.H. Ackerman

Abstract Diffusion magnetic resonance (MR) imaging offers a wealth of information
on the physiologic condition and microstructure of the brain. This chapter starts with
a description of the fundamentals of MR and MR diffusion measurements. This is
followed by descriptions of: (1) the role of water apparent diffusion coefficient mea-
surements in detecting tissue injury, (2) the use of diffusion anisotropy measurements
to assess the development of and injury to cerebral cortex and white matter, and
(3) diffusion-based measurements of white matter connections (“tractography”). The
chapter concludes with a brief summary of the utility of measurement of diffusion of
molecules other than water in the central nervous system.

Keywords Magnetic resonance imaging * Diffusion ¢ Diffusion tensor imaging
* Diffusion tractography ¢ Axial diffusivity * Radial diffusivity

3.1 Introduction

In the main, magnetic resonance imaging (MRI) detects the ' H (“proton”) nuclear mag-
netic resonance (NMR) signal from water. While other substances and other nuclides
are NMR active, only water is present at sufficient concentration in mammalian tissue
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to provide the strong signal strength required for routine, robust, time-efficient, imaging
applications. Thus, MRI is different from many other imaging modalities, such as
positron emission tomography (PET), single photon emission computerized tomog-
raphy (SPECT), and most applications of optical imaging, in that it does not detect
an exogenously administered tracer species but rather the 100% naturally abundant
"H in endogenous tissue water.

Within the medical community, the adjective “nuclear” in “NMR” is generally
dropped to form the more politically correct “MR”. Importantly however, “nuclear”
refers to the fundamental quantum mechanical origin of the phenomenon; specifi-
cally, stimulated energy level transitions among different states of nuclear spin
(states of different nuclear angular momentum). When placed in a static magnetic
field, these nuclear spin states possess different energies and stimulated transitions
between these states (between different energy levels) result in detectable absorp-
tion or emission of energy.

In marked distinction to the more familiar nuclear disintegration reactions
exploited in PET and SPECT, for which very high energy particles are given off as
the nucleus of a given isotope decays to form a new isotope, nuclear spin transi-
tions are of extremely low energy, typically in the radio frequency range. Energies
in this range are essentially harmless to living systems. Indeed, we are bathed in
radio frequency waves emanating from radio, TV, and cell-phone transmissions.
Further, static magnetic fields and radio frequency waves readily penetrate most
non-metallic objects. Thus, the MR phenomenon is fundamentally noninvasive and
nondestructive to living systems, including human.

The low energy nuclear spin states couple weakly to their surrounding environ-
ment (formally, to the “lattice”). This results in a particular advantage. Once the
spins are perturbed from their thermal equilibrium energy level population distribu-
tion, it takes a long time before the thermal equilibrium distribution is reestablished.
This return to a state of thermal equilibrium is referred to as “relaxation” and MR
relaxation times are very long compared to other familiar spectroscopies. For exam-
ple, while tissue water 'H MR relaxation times dependend upon tissue type and
physiologic state, typical MR relaxation times are on the order of 10—-1000 ms (1 ms
=107 s), far longer than optical relaxation times which are measured in nano-, pico-,
and even femtoseconds (10 to 107" s). A long relaxation time is advantageous
because it is precisely during this time when the spins are out of equilibrium that
spatial coordinate information is encoded and the image formed. Longer relaxation
times confer greater precision in spatial encoding, resulting in the exceptionally
clear anatomic definition characteristic of MRI.

The long relaxation times also allow many physical properties of tissue water to
be encoded on a voxel by voxel basis in the MR image intensity (contrast generation).
For example, images can be created that map water content, blood flow velocity, volu-
metric perfusion rate, tissue elasticity (stress and strain), tissue displacement, neuronal
activation, oxygen extraction fraction, and temperature. Images can also be created in
which contrast is determined by the tissue relaxation times. Two relaxation times
are most relevant. The exponential relaxation time constant governing the disap-
pearance of the MR signal is referred to as T,. T,-weighted contrast typically pro-
vides exceptional anatomical definition and is a mainstay of clinical MRI exam:s.



3 Diffusion Sensitive Magnetic Resonance Imaging of the Central... 67

The exponential relaxation time constant governing reestablishment of the thermal
equilibrium spin-state energy-level population distribution is referred to as T . T -
weighted images are often used in concert with administration of exogenous T,
relaxation agents (contrast agents) to monitor vascular permeability, perfusion, and
blood brain barrier integrity. Contrast enhanced T -weighted images are a mainstay
of oncologic MRI exams.

Another physical property of tissue water, its incoherent displacement motion
or diffusion, can be encoded in the MR image and forms the subject of this chapter.
The thermal energy present in tissue at 37°C manifests itself in the form of ran-
dom, incoherent displacements of individual water molecules. These thermally
driven stochastic displacements, characteristic of all liquids, are referred to as
Brownian motion in honor of Robert Brown, the English botanist who discovered
the phenomenon in 1827 upon observing with a microscope the jostling of pollen
grains suspended in water. The ongoing, ever continuing, random displacement
jumps occur for every member of the vast collection of water molecules that occupy
each MR image voxel. The displacement jumps occur with very high frequency,
such that molecular collisions occur at a staggering rate. Considering pure water,
for example, the rotational correlation time — the average time between two colli-
sions for a given water molecule, collisions which change rotational state — is on
the order of 1072 s; put another way, the average water molecule experiences 10"
collisions per second. These molecular collisions result in a random walk of all
water molecules, i.e., diffusion, even for systems at thermal equilibrium. The net
result of this diffusive motion is that, over time, all members of a collection of
water molecules move throughout the accessible space. Such an effect can be read-
ily mimicked by carefully placing a small drop of red dye in the center of a beaker
of still water. Over time the region of dye grows larger in size (while becoming
more dilute) and slowly spreads to the boundaries of the beaker. This is diffusive
motion.

Over the typical time scale accessible to the diffusion-sensitive MRI experiment
(t,)» 1-100 ms, water diffusion leads to average (root-mean-square, <X*>'?) dis-
placements of 1-10 pum. This scale matches well with the microarchitectural struc-
tural features characteristic of mammalian tissue. These microstructural elements
(cell and organelle membranes, for example) serve to hinder and restrict the diffu-
sion of tissue water. Thus, the MRI diffusion experiment serves to probe tissue
microstructure and, importantly, changes therein due to physiologic and pathophys-
iologic challenge. For this reason, diffusion sensitive MRI has become a powerful
clinical and preclinical research tool.

When carried out in quantitative fashion, the MRI diffusion experiment results in
maps of the apparent diffusion constant (ADC), the coefficient of proportionality
between the average displacement distance and time, Eq. 3.1. The term “apparent”
is used because the analysis usually employs a mathematics that is strictly true only
for free (unhindered, unrestricted) diffusion, a condition clearly violated for water
diffusion in tissue.

4/<X2> o JADC 1, 3.1
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The MR encoding of water diffusion employs the same three-axis (x, y, z)
magnetic field gradient coils used for anatomic spatial encoding. It follows that it is
possible to encode for the diffusion of water along any direction in the laboratory
frame of reference by application of the appropriate combination of x-, y-, and
z-axis magnetic field gradients. Indeed, for each voxel in an image it is possible to
encode the entire diffusion tensor. The diffusion tensor describes the three dimen-
sional diffusion properties of tissue water in a local (voxel-based diffusion-oriented)
coordinate frame of reference. In the example of the hypothetical small drop of red
dye placed in the middle of a beaker of water, the tendency of the dye to diffuse
along any particular direction would be the same as there is no directional prefer-
ence to diffusive displacement. Likewise, if the MR ADC was determined along
different directions for water in the beaker, the result would always be the same.
Diffusion in this situation is isotropic (lacks directional preference). But this is not
always the case.

Instead of a large beaker of water with a small drop of red dye in its center, con-
sider a long and very narrow glass capillary filled with water. The diffusive motion
of water along the axis of the capillary tube is completely unrestricted and unhin-
dered. The ADC measured along this axis would be exactly the same as that mea-
sured along any direction in a large beaker of water. However, the same is clearly
not true for diffusion measured along a direction radial (orthogonal) to the capillary
axis. Here the glass walls of the tube present an impenetrable boundary to diffusion,
the displacement motion of water is restricted, and diffusion “appears” slow. Indeed,
no matter how long one waits, i.e., no matter how long t it is, water never appears
outside the glass capillary. Thus, ADC_,  is much less than ADC_ . , and ADC .
appears to decrease as the time allowed for diffusion, t ., increases. This hypotheti-
cal situation is one in which there is extreme diffusion anisotropy, a strong direc-
tional preference. Were the water MR diffusion tensor obtained in this case, it would
provide (1) the orientation of the capillary tube in the laboratory reference frame
(i.e., the angles defining the local coordinate frame — the three eigenvectors) and (2)
the two ADCs (ADC_, and ADC_, ).

Water diffusion in a narrow glass capillary is not only anisotropic but possesses
cylindrical symmetry. Here the measurement of ADC along any direction orthogo-
nal to the capillary axis would yield the same value. While water diffusion in mam-
malian tissue is often found to be anisotropic, the MR diffusion tensor experiment
does not necessarily assume cylindrical symmetry. Indeed, as usually applied, three
eigenvectors (v,, v,, v,) and three eigenvalues (A, A,, A,) are obtained. As noted
above, the eigenvectors define the local (voxel-based diffusion coordinate) frame of
reference and the three eigenvectors are the ADCs (“diffusivities”) along each axis
defined by the eigenvectors: A, is the ADC along v,, A, is the ADC along v,, and A,
is the ADC along v,. Generally the diffusivities are ordered as A, >A,>A,. In the
special case of cylindrical symmetry, v, defines the axial orientation of the cylinder
and A, is the diffusivity along the axis of the cylinder, often written as XH and read as
“lamda parallel” or “axial diffusivity”. Further, for this special case, A, = k3 and both
are generally written as A, and read as “lamda perpendicular” or “radial diffusivity”.
In practice, water in mammalian tissues rarely presents a case of pure cylindrical
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symmetry although approximate cylindrical symmetry is not unusual: A, >>A ~A.,.
Here the average of kz and 7»3 is taken as the radial diffusivity, i.e., (k2+k3)/2=7» 1.

Full diffusion tensor imaging presents the problem of displaying the six param-
eters derived for each voxel (V> Vo Vs kl, X2, k3) in a single image. Numerous
schemes employing color (RBG) and geometrical shapes (diffusion probability
ellipsoids) are in use, but will not be reviewed here. However, it is very common to
display maps representing the extent of diffusion anisotropy by collapsing the three
diffusivities (A, A,, A,) into a single “‘summary”’ parameter, typically either the frac-
tional anisotropy or the relative anisotropy (Armitage and Bastin 2000). Fractional
anisotropy (FA) is calculated as follows,

FA

B =R 40, -1+ O - 1)
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where A is the average diffusivity, (A, +A,+2,)/3. Relative anisotropy (RA) is calcu-
lated as

(3.2)
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(3.3)

Both summary parameters seek to represent as a single value, the voxel intensity,
the difference between the individual diffusivities and their average. The way in
which this works is most readily seen by considering two special cases: isotropic
diffusion and diffusion in a long very narrow cylinder (the capillary tube).

In the case of isotropic diffusion A, =A,=A; thus there is no difference between
the individual diffusivities and their average, A. In practice, noise in the MR mea-
surement prevents the situation where A, =2, =X, is found (i.e., there is a noise floor
that prevents observation of pure isotropic diffusion by MR). Nevertheless, where
diffusion tensor MR finds that water diffusion is well approximated as isotropic,
A, ~X\,~X,, the FA or RA would be small and the voxel intensity would be low. In
the case of diffusion in a long and very narrow cylinder (the capillary tube), A, >2.,
A, ~0; thus, there is a substantial difference between the individual diffusivities and
their average, A. As a result, their FA or RA would be large, and the voxel intensity
would be high. It follows therefore that FA or RA maps are bright where tissue
water diffusion is anisotropic and dark where water diffusion is isotropic. In this
manner, the information contained within the full diffusion tensor is compressed
into an easily displayed gray scale. However, the true values of the diffusivities and
the orientation of the local diffusion frame are lost.

Two final summary parameters worth noting are the sum and the average of the
principal diffusivities (A, A, A,). The sum (A, +X,+A,) is referred to as the trace of
the tensor. The average, A, is referred to as the mean ADC, i.e., the directionally
averaged ADC. If we take the tensor to be represented by an ellipsoidal geometric
shape, the orientation of the ellipsoid is given by the three eigenvectors (v, v,, v,),
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and the shape of the ellipsoid (rugby ball vs. pancake; long, narrow vs. short, squat;
etc.) is given by the length of its axes (A, A,, A,). Here the trace or mean ADC is
seen to reflect the overall size of the ellipsoid (large vs. small rugby ball) indepen-
dent of its relative dimensions or orientation. Again, employing the trace or mean
ADC is a way to compress the information contained within the full diffusion tensor
into an easily displayed gray scale. Here bright voxels indicate that tissue water dif-
fusion is, on average, fast, while dark voxels indicate that, on average, diffusion is
slow. In this compression scheme, all directional information about water diffusion
has been lost.

In summary, MR diffusion measurements exploit and quantify the diffusion of
water as a means to infer characteristics of the underlying structural microarchitec-
ture that hinders and restricts the thermally driven stochastic molecular motion of
water. The MR “diffusion signal” thus provides information on a spatial scale far
smaller than that of normal image voxel dimensions, pm vs. mm. As many tissues
present significant structural ordering on the micron scale, the MR diffusion signal
has proven extremely powerful in characterizing normal, abnormal, and developing
morphology and physiology.

3.2 Information Available Through Diffusion Imaging: ADC

ADC values are typically calculated as the average of the three eigenvalues. The most
common clinical application of diffusion imaging is for the acute evaluation of brain
injury. As shown in Fig. 3.1, the decrease in ADC values that accompanies stroke
serves as an early indicator of brain injury (Moseley et al. 1990), with changes in dif-
fusion images visible within minutes of the onset of injury. In contrast, ischemic
injury may not be detectable for days on conventional MR imaging. ADC values
decrease following a variety of central nervous system insults in addition to stroke,

Fig. 3.1 A coronal ADC map
from a live, 3.2-g mouse pup
taken 24 h after common
carotid ligation and 45 min of
hypoxia. Darker areas denote
lower ADC values. Note the
area of injury (arrow) which
primarily affects the neuronal
cell layer of the hippocampus
(Image provided courtesy of
Drs. Tim West and Greg
Lodygensky)
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including status epilepticus (Zhong et al. 1993), excitotoxic injury (Dijkhuizen et al.
1999), spreading depression (Busch et al. 1995; Rother et al. 1996; Takano et al.
1996) and trauma (Ito et al. 1996). Thus, a decrease in ADC is a nonspecific finding.
In addition, changes in ADC values are sometimes reversible. For example, cerebral
vascular occlusion causes local water ADC values to decrease within minutes. If
blood flow is restored before permanent injury occurs, ADC values return to normal
(Li et al. 1999). Similarly, the decrease in ADC induced by the application of excito-
toxins can be reversed by blocking the excitotoxin receptor (Dijkhuizen et al. 1999).

The reduction in ADC values following stroke is not 100% sensitive on the first
day after injury. In adults with stroke, for example, the incidence of “diffusion-
negative” injury is on the order of 6% (Schlaug et al. 1997; Oppenheim et al. 2000).
In newborn infants, the incidence may be as high as 30% (McKinstry et al. 2002b).
The explanation for this finding is likely related to the nature of the injury. In animal
studies, transient cerebral vascular occlusion (30 min), which is sufficient to cause
permanent injury, leads to a delayed decrease in ADC values (Li et al. 2000; Lin
et al. 2001; Dijkhuizen et al. 1998). Under these circumstances, ADC values are
reduced during occlusion, but return to normal when blood flow is restored. ADC
values then decrease again over a time period of approximately 24 h, reaching a
nadir at 2 to 4 days after injury. In this case, diffusion imaging does not identify the
area of injury for up to 24 h. In contrast, permanent cerebral vascular occlusion
leads to a sustained decrease in ADC values within minutes of occlusion. The cir-
cumstances of cerebral injury to a newborn infant may be more similar to the animal
model of transient occlusion. Infants who are experiencing hypoxia in utero are
often delivered quickly by caesarean section, after which blood flow and oxygen-
ation are restored. Vascular occlusion in adults with stroke, on the other hand, lasts
for 24-48 h, more closely approximating permanent occlusion. Thus, the mecha-
nism of cerebral injury affects the evolution of diffusion image contrast, even though
both injuries result in permanent cerebral infarction.

It should also be kept in mind that ADC values vary with time after injury. As
noted above, ADC values reach a nadir at 2 to 4 days after injury and then gradually
return to normal over a time period of approximately 1 week — a process known as
“pseudonormalization” (Schlaug et al. 1997; Copen et al. 2001; Mukherjee et al.
2000; McKinstry et al. 2002b). After pseudonormalization, ADC values are higher
than normal in the area of injury and remain so. Thus, the sensitivity of diffusion
measurements for detecting injury varies markedly with time after injury. Overall,
the decrease in ADC values is most sensitive for detecting stroke 2 to 4 days after
injury, though the majority of injury in adults and children is detectable within min-
utes of its occurrence.

The biophysical mechanisms behind the decrease in tissue ADC after injury are
not well understood. The most-commonly cited (and likely incorrect) hypothesis for
the cause of this change is the compartment shift hypothesis. This explanation is
based on the assumption that water in the intra- and extracellular spaces has differ-
ent ADC values — high for extracellular water and low for intracellular water.
If water in these two compartments is in fast exchange, the measured overall tissue
ADC is a weighted average of the ADC values for water in these two compartments.
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When cells swell in response to injury, the proportion of water in the intracellular
space increases at the expense of water in the extracellular space. This causes
heavier weighting of the overall ADC to that of water in the intracellular compart-
ment, leading to a decrease in the overall tissue water ADC value. While this
hypothesis is attractive, the evidence for its validity remains indirect and weak, rest-
ing primarily on the close temporal relationship between the injury-induced decrease
in water ADC and cell swelling. Estimates of ADC values for water in the intra- and
extracellular compartments suggest that their ADC values are not sufficiently differ-
ent for a shift of water from the extra- to intracellular space to account for the
decrease in ADC associated with injury (Duong et al. 1998; Silva et al. 2002). As an
alternative hypothesis, some authors have suggested that a decrease in the ADC of
intracellular water is responsible for the ADC drop (Neil et al. 1996; Wick et al.
1995). This remains an area of active debate.

The change in water ADC associated with brain injury is not universal, but does
occur in other tissues. In skeletal muscle, for example, the decrease in water ADC
values following injury is much smaller than that in brain (Heemskerk et al. 2006).
In kidney, on the other hand, ADC values decrease following ischemia (Liu and
Xie 2003). Similarly, ADC values fall quickly and significantly in prostate follow-
ing injury caused by heating or cooling (Butts et al. 2003). In addition, diffusion
MR methods hold promise for evaluating tumors (Hamstra et al. 2005; Moffat
et al. 2006).

ADC values can also increase acutely with some forms of pathology, particularly
vasogenic edema. Reversible posterior leukoencephalopathy syndrome (RPLS) is
an example. This condition is associated with a variety of clinical conditions, includ-
ing hypertension or the administration of chemotherapeutic agents (Hinchey et al.
1996). It is characterized by mental status changes, visual disturbance, headache,
and seizures. The MRI findings include abnormality of the occipital lobes, with
increased ADC values. The change in ADC values has been attributed to vasogenic
edema and an increase in the volume of the extracellular space with an associated
reduction in the restriction of water displacement. In this case, diffusion tensor
imaging is useful for differentiating RPLS from occipital stroke, as stroke is associ-
ated with a decrease in ADC values (Ay et al. 1998).

3.3 Information Available Through Diffusion Imaging:
Anisotropy

3.3.1 White Matter

In mature brain, anisotropy values are typically higher from regions of white matter
(WM) than grey matter (GM), as shown in Fig. 3.2. Further, anisotropy is often
taken as representative of the “health” of a white matter tract. One of the first research
groups to apply anisotropy in this fashion (Klingberg et al. 2000), showed that dif-
fusion anisotropy in the left temporo-parietal WM was strongly correlated with
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Fig. 3.2 A coronal
anisotropy map from a
9-day-old rat pup. Brighter
areas denote higher
anisotropy. Note that
anisotropy values are higher
in white matter areas,
particularly the corpus
callosum and external capsule
(arrow) (Image provided
courtesy of Dr. Greg
Lodygensky)

reading scores. This study spawned a series of reports comparing WM anisotropy
values to clinical conditions such as schizophrenia, though the validity of such stud-
ies remains controversial (Kanaan et al. 2005). The precise relationship between
anisotropy and WM health is not yet understood, nor is it clear what parameter (e.g.,
tract size, anisotropy value) would serve as the best indicator in this application.
Despite these limitations, WM diffusion anisotropy measurements are a valuable
measure for evaluation of WM diseases such as multiple sclerosis (Goldberg-
Zimring et al. 2005).

A more sophisticated approach to evaluating anisotropy data from WM involves
analysis of the eigenvalues. The eigenvalue for A, referred to as “axial diffusivity,”
represents water ADC parallel to axons. The average of the eigenvalues for A, and
A, referred to as “radial diffusivity,” describes water ADC perpendicular to axons.
Data from animal studies show that primary injury to myelin is associated with an
increase in radial diffusivity, presumably because there are fewer myelin mem-
branes to hinder water displacements in this direction. Conversely, primary injury to
axons, such as Wallerian degeneration, is associated with a decrease in axial diffu-
sivity, presumably because of disruption of the fiber tracts along which water mol-
ecules can diffuse (Song et al. 2002, 2005; Sun et al. 20006).

Finally, anisotropy measurement can be applied to evaluation of white matter
maturation and injury, particularly in prematurely-born infants, for whom white
matter abnormality is common (Woodward et al. 2006). During normal white matter
development, the increase in anisotropy takes place in two stages. Surprisingly, the
initial increase occurs before the presence of histologically-detectable myelin. This
increase has been attributed to changes in axonal structure associated with the pre-
myelinating state and has been detected in both animals (Wimberger et al. 1995)
and humans (Huppi et al. 1998; Neil et al. 1998). It is followed by a second, larger
increase in anisotropy associated with the elaboration of layers of myelin (Mukherjee
et al. 2002). Thus, measurement of anisotropy can be used for evaluating aberrant
white matter development as well as injury (Neil et al. 2002).
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Fig. 3.3 A surface
representation of a baboon
hemisphere at 125 days
gestation (term gestation is
185 days). The color scale
shows cortical anisotropy
values. Note the
heterogeneity of cortical
development, with the
precentral gyrus appearing
more mature (arrow, lower
anisotropy) than the inferior
temporal area (arrow head,
higher anisotropy)

low high

3.3.2 Grey Matter

In adult brain, anisotropy values from cortical GM are typically low and relatively
uninteresting. However, cortical anisotropy values are high during the early stages
of cortical development, such as during brain development of prematurely-born
human infants, providing information on cortical development. This has been shown
in both human (McKinstry et al. 2002a) and animal (Kroenke et al. 2007) studies.
Anisotropy values are transiently high during early development because of the
radial orientation of apical dendrites of pyramidal cells. This confers larger water
displacements orthogonal to the cortical surface than parallel to it. As development
progresses, anisotropy values decrease due to the addition of interneurons and elab-
oration of basal dendrites of pyramidal cells. An example of high cortical anisotropy
during cortical development is shown in Fig. 3.3.

3.4 Information Available Through Diffusion Imaging:
Tractography

The primary eigenvector, A, is oriented parallel to the orientation of fiber tracts for
white matter. As shown in Fig. 3.4, it is possible to follow fiber tracts within the
brain by tracking the orientation of this eigenvector from voxel to voxel (Conturo
etal. 1999; Xue et al. 1999; Basser et al. 2000). This application of diffusion imag-
ing has not yet seen widespread clinical use, but one potential application is for
planning neurosurgical procedures. It may be possible to determine where crucial
white matter tracts lie in relation to tumors. This knowledge might be used to alter
the neurosurgical approach, helping to minimize the neurologic deficits associated
with tumor resection.

One challenge for diffusion tractography is tracking crossing fibers. The tensor
formalism presented here is the earliest, and most widely-used, means of represent-
ing water displacements in three dimensions. It continues to serve well in a variety
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Fig. 3.4 Fiber tracts
determined by diffusion
tensor imaging and
superimposed on a T -
weighted image. The tracts
shown in red and yellow are
cortico-spinal tracts; those
shown in blue are optic
radiations. The lateral
geniculate nucleus is shown
in green (Image provided
courtesy of Dr. Josh Shimony
and Mr. Adrian Epstein)

of clinical situations and requires that at least six directionally independent diffu-
sion measurements are made to create this three-vector representation of the diffu-
sion ellipsoid. However, this representation may not suffice for voxels with more
complex white matter structure. For example, if two WM tracts cross at 90°, the
resultant ellipsoid for this voxel would have a pancake shape, with the plane of the
pancake corresponding to the plane of the crossing fibers (remember that the three-
vector approach can only describe shapes resembling spheres, rugby balls, and pan-
cakes). Clearly, it would be difficult to follow one of the fiber tracts through such a
voxel. Approaches to overcome this limitation are currently under development by
several research groups. For example, if diffusion measurements are made in more
than six directions [studies with up to 126 directions have been published! (Tuch
etal. 2002)], it is possible to apply more sophisticated forms of analysis; in essence,
generating shapes more complex than simple ellipsoids. Examples of approaches
allowing for more complex shapes include g-space imaging (Tuch 2004; Cohen and
Assaf 2002) and spherical harmonic decomposition (Frank 2002). For the example
of fiber tracts crossing at 90° given above, a three-dimensional representation of
water displacements might look like a cross.

3.5 Diffusion of Molecules Other than leO

Though a detailed discussion of these measurements is beyond the scope of this
chapter, it is worth noting that it is possible to measure diffusion of molecules other
than water. Whereas the concentration of water ' H in tissues is on the order of 100 M,
other metabolites are present in mM concentrations. As a result, these measurements
are typically made at much lower spatial resolution than diffusion measurements for
water. One advantage of measuring diffusion of molecules other than water is that
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these molecules can provide both compartmental and cell-type specificity, which is
difficult to achieve in measures of water diffusion. For example, the ADC of the
metabolite N-acetyl aspartate, which is present in the intracellular space of neurons
but not glia and detected by ' H spectroscopy, has been shown to decrease in associa-
tion with stroke (Wick et al. 1995). Measurements of the diffusion of intracellular
ions »Na (Goodman et al. 2005) and '**Cs (Goodman et al. 2008) show similar
changes in diffusion with injury. Finally, it is possible to exogenously administer
markers, such as '°F-fluorodeoxyglucose, into a specific compartment and measure
its diffusion (Duong et al. 1998).

3.6 Conclusion

Diffusion sensitive MRI is a mainstay of MR imaging in both clinical and research
settings. The method provides a wealth of information about the central nervous
system. ADC values are a sensitive and early indicator of tissue injury. Diffusion
anisotropy reflects underlying tissue microstructure. It has been employed for (1)
evaluating the “health” of white matter, (2) following the course of white matter
tracts, and (3) assessing cortical grey matter maturity in developing brain.
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