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Wedescribe a novel imagingmethod to assess central nervous systempathology called “Diffusion Basis Spectrum
Imaging” (DBSI). Diffusion tensor imaging (DTI) has beenwidely used to estimate axonpathology and demyelin-
ation. However, in the settings of acute inflammation and chronic tissue loss asare common inmultiple sclerosis,
DTI signals can lead to false interpretations. DBSI is a computationallynovel method that separates isotropic from
anisotropic components in imaging voxels. Isotropicdiffusion is believed to reflect inflammatory components
(cells, edema), as well as intrinsic cells andextracellular space. DBSI enables the measurement of axial and radial
diffusivities within the anisotropiccomponents of imaging voxels, which reflect the integrity of axon fibers and
myelin, respectively.
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1. Introduction

Multiple sclerosis (MS) is a chronic disease of complex and hetero-
geneous pathology which involves inflammation, demyelination,
remyelination and axon injury and loss. MS is common - about
2.5 million people worldwide have the disease. The pathology of MS
varies between individuals and in the same individual patient over the
time-course of the disease (Lucchinetti et al., 2000). The variability of
the clinical course and neuropathology of MS has proven to be a barrier
to the complete understanding of the disease. As biopsies of the central
nervous system (CNS) are infrequent (and are usually done in atypical
cases) and serial biopsies are even more rarely done, understanding of
the underlying neuropathology of MS derives mainly from end-of-life
autopsies and less invasive methods such as imaging and blood and
cerebrospinal fluid (CSF) analyses. Methods providing a non-invasive
window into the CNS to better understand the pathophysiology of
progression are greatly needed.

Inflammatory demyelination of CNS white matter (WM) was for-
merly regarded as the main pathology of MS. Prior to the past two de-
cades, gray matter (GM) involvement received less emphasis which is
perhaps due to the difficulty to detect or measure it. However GM in-
volvement in MS, including cortical GM damage, can be extensive and
correlates better with disability measures than does WM damage

(Fisher et al., 2008; Rudick et al., 2009). The primary substrate of disabil-
ity is thought to be axon injury and loss (Kornek et al., 2001). Accurate
measures of axon injury and loss in the CNSofMSpatients are needed to
better understand the pathology ofMS over the course of the disease, to
monitor responses to therapies, and to use as a surrogatemarker in clin-
ical trials, especially for progressive MS trials.

The advent ofmagnetic resonance imaging (MRI) revolutionized the
diagnosis and has greatly improved the monitoring of MS. Gadolinium-
enhanced MRI lesions serve as surrogate biomarkers of clinical MS re-
lapses (Sormani et al., 2009). The latter has expedited research leading
to approval of several of the thirteen disease modifying therapies
(DMTs) for relapsing forms ofMS. CurrentDMTswork best to reduce re-
lapse rate, but do not completely eliminate relapses, and do not work in
all patients. None of the present approved DMTs are highly effective at
slowing disability progression and none yet repairs axons in the CNS.
Novel imaging tools that can be used to identify responses to promising
new therapies, such as remyelinating agents that are in early phases
(Mi et al., 2013; Wootla et al., 2013) are also needed. This paper will
discuss updates on diffusion MR methods to detect and quantitate
axon loss, as well as demyelination, cellular inflammation and edema
in the MS-affected CNS.

2. Diffusion magnetic resonance imaging

Diffusion-weighted MRI measures water apparent diffusion coeffi-
cient (ADC) through the application of a pair of diffusion weighting
pulsed magnetic field gradients of altering magnitude, duration, and
time interval of separation between gradients; the term “b-value” de-
rived from a landmark study (Stejskal & Tanner, 1965) is used to control
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the extent of signal loss for quantifying ADC. Diffusion tensor imaging
(DTI) employs multiple directions of diffusion weighting to quantita-
tively describewater diffusion in tissues (Basser et al., 1994a,b). The dis-
placement of cerebrospinal fluid (CSF) water molecules can be
described as a sphere, i.e., isotropic diffusion. Water molecules in CSF
move freely without hindrance. The ADC is the same in any direction
it is measured; one-direction diffusion weighting is sufficient to de-
scribe isotropic diffusion (Fig. 1A). In contrast, the displacement of
watermolecules inWM tracts is described as an ellipsoid, i.e., anisotrop-
ic diffusion. For anisotropic diffusion, ADC varies depending on the di-
rection of diffusion weighting gradients. A multiple-direction diffusion
weighting is necessary to accurately describe water diffusion in most
biological tissues (Fig. 1B).

3. Diffusion imaging in MS

Over a decade ago, we began to test if DTI-derived directional diffu-
sivity might help understand the underlying pathology in MS. Our hy-
pothesis was that reduced myelin would lead to an increase in radial
diffusivity, i.e., the ADC perpendicular to axonal tracts, as measured by
DTI. We set out to test this hypothesis by examining shiverer mice,
that have a mutation in the gene encoding myelin basic protein and
are therefore dysmyelinated, by DTI. These mice have normal axons.
The expectation was that these mice would have increased radial diffu-
sivity due to lack of normal myelin, but normal axial diffusivity (ADC
parallel to axonal tracts) indicating normal axons. Indeed, the major
WM tracts of shiverer mice had axial diffusivity that was similar to

that of WT with approximately 30% increase in radial diffusivity
(Song et al., 2002).

As part of a phase 2 trial of rituximab performed from 2002 to 2009
at Washington University, we also obtained DTI of the brains of relaps-
ing MS patients in the study. Each enrolled patient underwent seven
gadolinium-enhanced brainMRIs. We found that increased radial diffu-
sivity at the time of a new gadolinium-enhancing lesion predicted the
eventual development of a persistent black hole (PBH) (Naismith et
al., 2010). As the latter is indicative of worse damage and more axon
drop-out than a gadolinium-enhanced lesion that subsequently be-
comes isointense on T1w imaging, DTI appeared useful as an early indi-
cator of pathology occurring at the time of lesion onset.

We also hypothesized that reduced axial diffusivity would indicate
damage to the axon or even axonal transection. In another study using
retinal ischemia to kill retinal ganglion cells leading to initial axon and
subsequent myelin degeneration (“Wallerian degeneration”), this ap-
peared to hold true (Sun et al., 2008). However, results obtained when
applying DTI in human CNS did not always conform to expectations.
In studies of transverse myelitis patients using DTI, although radial dif-
fusivity was increased at the site of injury as expected, axial diffusivity
alsowas increased above normal (Naismith et al., 2013). An explanation
for the increased axial diffusivity, aswell as a factor expected to contrib-
ute to increased radial diffusivity, was increased extracellular space,
which would be expected in regions of significant axon loss (such as
in PBH). Similarly, in acute lesions with enhancement, the blood brain
barrier integrity is compromised and with the entry of more free
water (vasogenic edema) an increase in radial diffusivity would also
be expected.
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Fig. 1. Isotropic and Anisotropic diffusion depicted graphically. A) Free and restricted isotropic diffusion. B) Anisotropic diffusion.
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