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We report on a non-invasive imaging technique that can discern inflammation from axon fibers
within the human CNS white matter. The healthy CNS is complex, with glial and neuronal cells,
myelinated and unmyelinated axonal fibers that are typically bundled into tracts (which often cross
each other), and regions of extracellular space, including cerebrospinal fluid. In pathological
conditions, invading inflammatory cells and edema are also often present. Diffusion basis
spectrum imaging (DBSI, a data-driven multi-tensor model) was developed at Washington
University to identify and quantify these various elements within an imaging voxel. Diffusion
tensor imaging (left) provides a single averaged tensor for an imaging voxel of co-existing
crossing-fibers, infiltrating inflammatory cells, and extracellular space. DBSI (right) describes
these components of normal anatomy and pathology using multiple tensors: free water (as in a
ventricle) is represented by free isotropic diffusion tensor; cells are represented by restricted
isotropic diffusion tensor; edema water is represented by hindered isotropic diffusion tensor;
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crossing-axons are represented by anisotropic diffusion tensors with increased radial diffusivity
representing demyelination and reduced axial diffusivity reflecting axonal injury.
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Introduction

Multiple sclerosis (MS) is a chronic disease of complex and heterogeneous 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 formerly regarded as the main
pathology of MS. Prior to the past two decades, gray matter (GM) involvement received less
emphasis which is perhaps due to the difficulty to detect or measure it. However GM
involvement 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 disability is thought to be axon injury and loss (Kornek et al.,
2001). Accurate measures of axon injury and loss in the CNS of MS patients are needed to
better understand the pathology of MS over the course of the disease, to monitor responses
to therapies, and to use as a surrogate marker in clinical trials, especially for progressive MS
trials.

The advent of magnetic 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 relapses(Sormani et al., 2009). The latter has expedited
research leading to approval of several of the thirteen disease-modifying therapies (DMTS)
for relapsing forms of MS. Current DMTs work best to reduce relapse 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.
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Diffusion magnetic resonance imaging

Diffusion weighted MRI measures water apparent diffusion coefficient (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”
derived from a landmark study(Stejskal, 1965) is used to control the extent of signal loss for
quantifying ADC. Diffusion tensor imaging (DTI) employs multiple directions of diffusion
weighting to quantitatively describe water diffusion in tissues (Basser et al., 1994a; Basser et
al., 1994b). The displacement 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 describe isotropic diffusion (Fig. 1A). In contrast, the displacement of water
molecules in WM tracts is an ellipsoid, i.e., anisotropic diffusion. For anisotropic diffusion,
ADC varies depending on the direction of diffusion weighting gradients. A multiple-
direction diffusion weighting is necessary to accurately describe water diffusion in most
biological tissues (Fig. 1B).

Diffusion Imaging in MS

Over a decade ago, we began to test if DTI-derived directional diffusivity might help
understand the underlying pathology in MS. Our hypothesis 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 using demyelinated and dysmyelinated
animal models. Shiverer mice, that have a mutation in the gene encoding myelin basic
protein and are therefore dysmyelinated, were examined by DTI. These mice have normal
axons. The expectation was that these mice would have increased radial diffusivity 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 2002-2009 at Washington University,
we also obtained DTI of the brains of relapsing MS patients in the study. Each enrolled
patient underwent seven gadolinium-enhanced brain MRIs. We found that increased radial
diffusivity 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 becomes isointense on T1w imaging, DTI appeared useful as an early indicator
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
appeared 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 diffusivity was increased at the site of injury as expected,
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axial diffusivity also was increased above normal.(Naismith et al., 2013) An explanation for
the increased axial diffusivity, as well as a factor expected to contribute 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.

Development of diffusion Basis Spectrum imaging (DBSI)

The CNS is complex, in particular the human brain. The diffusion-weighted MR signals
within an image voxel represent the weighted average effect of the water molecules within
multiple microstructural compartments. In the conventional DTI analysis, a single tensor is
assumed and it thus also represents the averaged effects of potential multiple tensors
describing each individually different microstructural compartment (Fig. 2). For example, in
an MS lesion, any given voxel might contain varying amounts of normal and damaged axons
which might be myelinated or demyelinated, as well as varying amounts of cells (both
intrinsic and extrinsic cells) and free space that might be due to vasogenic edema in an acute
lesion, or to increased extracellular space in lesions with loss of normal structure, such as in
a PBH. Therefore, a method to more accurately reflect the complexities of CNS pathology in
humans had to be developed.

Diffusion basis spectrum imaging (DBSI) was developed at Washington University in an
attempt to extract all those different compartments of normal anatomy and pathology that
might be contained within an imaging voxel within white matter (Wang et al., 2011).
Whereas in DTI the diffusion-weighted signals yield a single “averaged” tensor, DBSI
extracts tensors from multiple intra-voxel components of structure and pathology (Fig. 2).
For DBSI, cells have been associated with restricted isotropic diffusion tensors, reflecting
microstructural barriers to diffusion (nucleus and cell membranes) that restrict water
diffusion. Free water, such as within a ventricle, is represented by the isotropic diffusion
tensor components with ADC of free diffusion. Isotropic diffusion tensors with intermediate
diffusivity between the restricted diffusivity of cells and the free diffusivity of ventricular
fluid capture diffusion profiles of the intra-voxel compartments of vasogenic edema and
tissue loss (Chiang et al., 2014). We have referred to this as “hindered” diffusion.

To derive multiple tensors describing the complex realities in MS lesions, more diffusion
data are needed. In our initial proof-of-concept tests, we employed a 99-direction diffusion
weighting scheme, selected as prescribed in diffusion spectrum imaging where the position
vectors are the entire grid points (dy, dy, dz) over the 3-D g-space under the relationship that
(ax? + ay? + q,%) < 2, where r = 3 for DBSI(Wang et al., 2013; Wang et al., 2015; Wang et
al., 2011; Wedeen et al., 2005). Subsequently, we also demonstrated that fewer directions of
applied gradients such as the icosahedral 25-direction sampling scheme as prescribed
(Batchelor et al., 2003) with the addition of one extra non-diffusion (b = 0) weighted image
can be sufficient for regions with more coherent non-crossing tracts, such as found in the
spinal cord and optic nerve(Chiang et al., 2014; Murphy et al.).
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The isotropic diffusion components in DBSI detect and distinguish different-sized cells by
quantifying their signal intensity and associated isotropic ADCs. We tested this by
performing DBSI on a phantom containing two cell types embedded in 2% agarose: 10% by
volume of 13.5-um diameter High Five insect cells (Invitrogen) and 8% of 7-um diameter
mouse lymphocytes. As expected, the smaller lymphocytes give rise to a diffusion spectral
component with ADC that is lower than that of the larger insect cells and each was detected
in its correct proportion (Fig. 3). The water signal of the agarose gel was reflected by a large
less restricted ADC spectral component.

DBSI was then applied to the more complicated mouse experimental autoimmune
encephalomyelitis (EAE) model for MS. EAE was induced actively in C57BL/6 mice using
the MOG35_55 peptide of CNS myelin oligodendrocyte glycoprotein (MOG). DBSI was
performed in living mice at four different time-points, after which at each time point mice
were then anesthetized and terminally perfused to examine neuropathology. Results with in
vivo DBSI findings were compared to quantitative histopathology (Fig. 4).
Immunohistochemical analysis of pathology was done with SMI-31 for normal
phosphorylated axons, myelin basic protein to reflect level of myelination, and DAPI stain
for cell nuclei content. Moderate to strong correlations were found between the DBSI
parameters of axial diffusivity, where reduction was hypothesized to reflect injured
axons(R=.87, p<.05), radial diffusivity, where an increase was hypothesized to reflect
demyelination(R=.73, p<.05), and restricted isotropic diffusion fraction to reflect cell
content(R=.88, p<.05) and the immunohistochemical stains. These correlations were
observed in data from all time-points during EAE, strongly supporting the utility of DBSI

(Fig. 4).

We have applied DBSI to human autopsied spinal cord from 3 deceased MS subjects, as
reported (Wang et al., 2015). Regions of interest were placed randomly in the WM of
cervical spinal cord sections obtained from an autopsy, the sections were scanned using
DBSI, and subsequently were histologically examined for axon content using
Bielschowsky’s silver stain, for myelin content using Luxol Fast Blue-PAS, and for
cellularity using hematoxylin and eosin. Significant positive correlations ranging from r=0.7
to r=0.83 were found between the fiber fraction (axonal density) of each voxel and silver
stained content (axon counts), and significant negative correlations ranging from — 0.42 to
- 0.84 for radial diffusivity and Luxol Fast Blue stain for myelin. In two of the 3 autopsied
cases, restricted isotropic fraction correlated significantly and positively with cellularity, as
quantitated by H&E stain.

Future refinements to DBSI

We are currently in the midst of a multi-year study to examine the ability of DBSI to
quantify white matter pathology for correlating function and predicting outcome in living
MS patients. Mouse models of EAE are also employed to quantitatively examine DBSI-
derived pathological metrics as a potential biomarker of axon and myelin integrity, as well as
inflammation. In humans, PBHSs are being used as a surrogate of axonal loss, and it is
expected that fiber fractions (anisotropic diffusion tensor content) of individual voxels will
be much reduced in PBH compared to MS lesions that are isointense on T1-weighted scans.
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Currently, DBSI quantitatively assesses the proportions of isotropic and anisotropic diffusion
tensors within an imaging voxel within the white matter. By definition, the proportions must
add to 100%. Thus, a “dilution effect” of a dominant pathology may lead to an inaccurate
interpretation. For example, if edema (i.e., “hindered” isotropic diffusion components) is
present in abundance, both cell and fiber fractions appear low, suggesting reduction of
inflammation and axonal loss. This will be corrected by taking into account the “volume” of
each component within the image voxel by multiplying the fraction of each component and
image voxel volume. By summing the derived “fraction volume” from all voxels, cell and
axon fiber volume can then be correctly represented to correlate with cell and axon counts.
We are applying DBSI in animal models to determine whether axon volume may serve as a
noninvasive biomarker to reflect the severity of axonal loss or whether the rate of axonal loss
as determined by longitudinal quantification of axon volume can predict disease progression.
It is our contention that axon volume, and to a lesser extent the other components of DBSI,
can serve as a biomarker to predict outcome of DMT in MS.
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Highlights
. A novel diffusion imaging called Diffusion Basis Spectrum Imaging is
reviewed.
. A method for separating and measuring isotropic versus anisotropic diffusion

components in CNS is described.
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ADC = (A A, + A3) /3

Axial Diffusivity = A4 = A,

Radial Diffusivity = A, = (A, + A3) / 2

Figure 1. Isotropic and Anisotropic diffusion depicted graphically
A) Free and restricted isotropic diffusion. B) Anisotropic diffusion.
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Figure 2. Conceptual comparison between DT and DBSI
DTI (figuratively depicted at left) is a single averaged tensor, whereas DBSI (depicted at

right) uses multiple tensors to describe structural integrity and underlying pathologies in
tissues.
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Figure 3. DBSI can discern and measure cells of different diameters
A phantom was prepared with mouse lymphocytes (diameter 7um) and High Five insect

cells (diameter 13.5um) in 2% agarose gel. The cell types were distinguishable based on the
smaller cells having lower ADC (left) vs. the larger insect cells with higher ADC (middle).
DBSI correctly quantified the proportions of the two cell types. The largest peak in all three
panels is the water signal of 2% agarose. ADC on the x-axis has unit of um2/ms.
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Figure 4. DBSI performed on living EAE-affected mice correlates with axon content, myelination
;(:> and cell count within mouse spinal cords
= Representative in vivo DBSI derived (A) axial and (B) radial diffusivity, and (C) cell fraction
Q maps co-registered with immunohistochemical staining for (D) phosphorylated axons using
QZJ SMI-31, (E) myelin using anti-myelin basic protein antibody, and (F) cell content using
2 DAPI stain with identical ROI co-localized. Modeling of DBSI used in these studies was for
& white matter, and thus seven regions of interest within white matter were analyzed at four
%- different time points during the course of EAE. The correlation between (G) axial diffusivity
- and SMI-31 positive axon counts (R=0.87, p<.05), (H) radial diffusivity and MBP positive
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