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ABSTRACT

SUMMARY: Conventional MR imaging techniques are sensitive to pathologic changes of the brain and spinal cord seen in MS, but
they lack specificity for underlying axonal and myelin integrity. By isolating the signal contribution from different tissue compart-
ments, newly developed advanced multicompartment diffusion MR imaging models have the potential to detect specific tissue
subtypes and associated injuries with increased pathologic specificity. These models include neurite orientation dispersion and den-
sity imaging, diffusion basis spectrum imaging, multicompartment microscopic diffusion MR imaging with the spherical mean tech-
nique, and models enabled through high-gradient diffusion MR imaging. In this review, we provide an appraisal of the current
literature on the physics principles, histopathologic validation, and clinical applications of each of these techniques in both brains
and spinal cords of patients with MS. We discuss limitations of each of the methods and directions that future research could
take to provide additional validation of their roles as biomarkers of axonal and myelin injury in MS.

ABBREVIATIONS: AD = axial diffusivity; D,, = intra-axonal diffusivity; DBSI = diffusion basis spectrum imaging; FF = fiber fraction; IVF = isotropic volume
fraction; NDI = neurite density index (also Vi, Vi, or fic,f) NODDI = neurite orientation dispersion and density imaging; ODI = orientation dispersion index;

RD = radial diffusivity; SMT = spherical mean technique; V,, = intra-axonal volume fraction

S is an inflammatory-degenerative disease of the CNS
affecting approximately 2.3 million people, nearly 900,000
of whom are in the United States.'

Transient and focal inflammation with variable degrees of
demyelination and axonal injury is the pathologic hallmark of
MS lesions. The acute inflammatory phase resolves within a few
weeks.>? Thereafter, some lesions undergo repair of injured
myelin and axons,* while others may fail to repair and evolve
into chronic plaques featured by variable degrees of chronic de-
myelination and axonal injury.* Axons do not survive chronic
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demyelination, leading to axonal atrophy, transection, and sub-
sequent neuronal death. These neurodegenerative processes
may also extend outside focal plaques to areas of normal-
appearing WM and normal-appearing GM.”

Conventional MR imaging (T1WT and T2WI) is highly sen-
sitive to focal tissue injury in MS but lacks specificity to axo-
nal content. Furthermore, TIWI and T2WI do not capture
disease processes outside focal lesions; hence, there remains a
pressing need to identify an MR imaging biometric that is
both sensitive and specific to lesional and nonlesional axonal
injury and loss.®

Toward this effort, several advanced multicompartment
diffusion-based models have been recently developed and
applied in MS (On-line Figure). The advantage of these meth-
ods over the more commonly used DTI (On-line Figure A) is
the ability to isolate the signal contribution from different tis-
sue compartments, thereby increasing the specificity for
tissue subtypes and associated injuries. These models include
neurite orientation dispersion and density imaging (NODDI),
diffusion basis spectrum imaging (DBSI), multicompartment
microscopic diffusion MR imaging with the spherical mean
technique (SMT), and several models enabled with high-gradi-
ent diffusion MR imaging.

While some of these methods are very close to clinical transla-
tion and even available on clinical scanners, others lag behind.
The need for high-gradient diffusion MR imaging and relatively
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long scanning times is still an important limiting factor to a wide-
spread application of some of these models.

In this review, we appraise the current literature on the
physics principles, histopathologic validation, and clinical appli-
cations of each of these techniques in both brain and spinal
cord imaging of patients with MS. We also discuss limitations
of each of the methods and future directions for translational
research to provide additional validation for their role as a
proxy for axonal injury in MS.

Neurite Orientation Dispersion and Density Imaging

The NODDI model was developed to provide a clinically fea-
sible technique for in vivo mapping of neurite orientation,
dispersion, and density.” The advantage of NODDI is the
requirement of a moderate number of diffusion-weighted
images acquired with only 2 b-shells (b-values), in contrast to
other multicompartment models that need large gradient
strengths or extensive scan times.”

Principles of Physics. NODDI is a multicompartmental model
that distinguishes 3 microstructural environments: intracellular
(or intra-axonal), extracellular (or extra-axonal), and CSF com-
partments (On-line Figure B). By affecting diffusion in a unique
way, each compartment results in a separate MR imaging signal.

The intracellular component is represented by the intraden-
drites and intra-axonal spaces. Due to the highly restricted nature
of diffusion in this space, the intracellular component is modeled
as a set of geometric “sticks,” or infinitely thin cylinders, with dif-
fusion completely restricted perpendicular to these sticks but
unhindered along them. The diffusivity along a stick is assumed
to be fixed at 1.7 x 10> mm?/s. This set of sticks can be arranged
in many distributions of orientations, eg, all coherently aligned in
a single direction or more dispersed and spread over a range of
orientations. The distribution of neurites (ie, sticks) is described
by an average direction and a concentration parameter, which
describes the orientation dispersion around the main direction.

The extracellular component represents the space around the
neurites or axons, which is occupied by glial cells and neuronal
cell bodies. In contrast to the restricted intracellular space, the
diffusion in this space is “hindered” by neurites and is modeled as
a simple anisotropic Gaussian distribution (as in DTI). The paral-
lel and perpendicular diffusivities of the tensor in extracellular
space are physically determined by the neurite morphology itself
(ie, the intrinsic diffusivity and the neurite dispersion).

The CSF compartment is modeled as isotropic Gaussian diffu-
sion with a fixed isotropic diffusivity (3.0 x 10> mm?*s).

Thus, the NODDI model results in metrics describing orienta-
tion, shape, diffusivities, and fractions of the different compart-
ments. As reported in On-line Table 1, NODDI produces a
number of clinically relevant indices: 1) the intracellular volume
fraction, represented by the neurite density index (referred to in
the literature as NDI, V., Vi, or fi.s), that ranges from 0 to 1,
denoting complete loss or full preservation of axons, respectively;
2) the neurite orientation dispersion index (ODI), which ranges
from 0, representing perfectly coherently oriented WM struc-
tures, to 1, representing isotropically dispersed neurites; and 3)
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the isotropic volume fraction (often abbreviated as IVF, Vi, or
fiso), which can be interpreted as the voxel volume fraction of free
water (ie, CSF).

Fixing the intrinsic and isotropic diffusivities and deriving
the extracellular diffusivities from the dispersion index reduces
the number of free parameters and simplifies the fitting of the
model.*°

Histopathologic Validation. Grussu et al'' used the thoracic
spine tissue of a patient with primary-progressive MS and a
lumbar spine specimen of a patient with secondary-progressive
MS, as well as of 2 healthy controls. The authors used circular
variance as a histologic marker of neurite orientation variability,
and the myelin staining fraction, astrocyte staining fraction,
microglia staining fraction, and neurofilament staining fraction
as markers of myelin, astrocytes, microglia, and axon contents,
respectively. Correlations were seen between ODI and circular
variance in the normal-appearing WM of both healthy controls
(r = 0.84, P<.001) and patients with MS (r = 0.60, P = .001),
as well as between ODI and the myelin staining fraction in MS
samples (r = 0.40, P<.05). Negative correlations were seen
between NDI and circular variance (r = —0.78, P<.001) in
healthy controls and between NDI and the myelin staining frac-
tion (r = 0.74, P <.001), neurofilament staining fraction (r =
0.56, P<.01), and the microglia staining fraction (r = 0.49,
P<.01) in patients with MS. No significant correlations were
observed between IVF and histology markers. The authors
found similar but less specific results with DTI-derived indices,
in that several DTI-derived metrics correlated with histopatho-
logic counterparts of myelin injury (like NODDI) as well as
astrocyte/microglia infiltrates. In addition, none of the DTI
indices showed a correlation with circular variance. These key
findings highlight the ability of NODDI to show a different
layer of pathology not captured by conventional DTI, eg,
changes in the complexity of neurite arborizations.

Clinical Applications. Several cross-sectional studies have been
performed to test the clinical feasibility and the ability of NODDI
to differentiate tissue injury in MS and its associations with
patients’ disabilities. NODDI acquisition has been reported as
~22 minutes for whole-brain imaging (0.4 x 0.4 x 2 mm® reso-
lution, 2 b-shells, and 90 direc'[ions)12 and ~18 minutes for a sin-
gle section of the cervical spinal cord (1.25 x 1.25 mm x 10
mm?>, 2 b-shells, and 96 directions)."?

We detail significant clinical findings reported in all pub-
lished clinical studies in On-line Table 2. In summary, it was
noted that when reaching a statistically significant difference,
NDI/V,. values were always lower in lesions compared with
normal-appearing WM,!>1#16 i normal-appearing WM com-
pared with the normal WM of healthy controls (both in

brainsl4,16,l7 d13,17

and spinal cor ), and in the spinal cord nor-
mal-appearing GM compared with the GM of healthy con-
trols.'”® These results were consistent across patients with

1217 or secondary-progressive MS.'>'®!7

relapsing-remitting
However, thus far, only values of NDI measured in both the
cortex'® and the spinal cord'” were found to be associated with

clinical disability measured with the Expanded Disability Status



1718 and sec-

Scale'” in patients with both relapsing-remitting
ondary-progressive”’18 MS.

On the contrary, ODI measurements yielded more contradic-
tory results because ODI measurements were higher in lesions
compared with normal-appearing WM in some studies focused
on patients with relapsing-remitting MS'>'*'® and lower in
others focused on either relapsing-remitting or mixed MS popu-
lations.'>"* Similarly, while Schneider et al'> found lower levels
of ODI in the brain normal-appearing WM of patients with
relapsing-remitting MS; By et al'* reported opposite trends in the
spinal cord of a similar population of patients. Only cortical ODI
measures were associated with clinical decline in patients with

14,18

both relapsing-remitting'*'® and secondary-progressive'® MS.

Summary of Advantages and Limitations. NODDI appears to
offer a clinically feasible technique that adds a layer of pathologic
sensitivity and specificity to the detection of MS disease. A high
interstudy variability is observed with ODI, thus making its inter-
pretation complex. This finding is not surprising because by
depicting the degree of tissue organization, ODI is a more granu-
lar, and therefore variable, measure of disease variability. It is pro-
posed that ODI is more informative if used to assess longitudinal
changes of individual patients rather than to assess comparisons
between patients. On the contrary, although not always sensitive
to disease, NDI/V. appears to capture some degree of change in
axonal content, which is also measurable in perilesional tissue .'®

A few technical limitations need to be acknowledged regarding
this model: 1) NODDI simplifications limit the model to simple
fiber geometries, 2) the fixed diffusivities may not be true in altered
physiology of the disease, and may bias measurements, and 3)
debate remains on the relationship (and absolute values) of the
intrinsic intra- and extracellular diffusivities.*"'?

Thus, further work is needed to untangle these technical chal-
lenges, and to investigate the efficacy of NODDI-derived metrics
as biomarkers of neurodegeneration, by assessing the sensitivity
to tissue injury and clinical measures in larger cohorts of patients
followed longitudinally over time.

Multicompartment Microscopic Diffusion MR Imaging
with the Spherical Mean Technique

The SMT estimates microscopic features specific to the intra- and
extraneurite compartments in the CNS. The use of the spherical
mean technique is the most relevant advantage of this method, in
that the SMT minimizes the confounding effects derived from axo-
nal fiber crossings, curving, and orientation dispersion. SMT is suita-
ble for clinical applications that require information on axonal
volume fraction as well as axonal directions if one obtains spherical
deconvolution.

Principles of Physics. SMT requires =2 b-shells (each with multi-
ple diffusion directions) and assumes diffusion-weighted signals
arising from intra- and extra-axonal spaces (On-line Figure C),
resulting in the apparent intra-axonal volume fraction (V,y) and
the apparent extra-axonal volume fraction. Instead of approxi-
mating the whole intra- and extra-axonal spaces using single dif-
fusion tensors, SMT assumes that signals arise from many “per-
axon” diffusion tensors in arbitrary directions.”” By averaging the
same b-value diffusion MR imaging signals over all directions,

one can remove the orientation dependence of signals. Moreover,
SMT assumes the following: 1) the intra-axonal radial diffusivity
(RD) is zero due to the very small axon sizes in the CNS, and 2)
the axial diffusivity (AD) is the same in both intra- and extra-axo-
nal spaces due to the lack of restriction per axon. By such means,
SMT can separate intra- and extra-axonal signals and 2 inde-
pendent microstructural parameters, ie, the V,, and the apparent
intra-axonal diffusivity (D,y) can be fit from the data. Other
microstructure parameters, such as extra-axonal RD, can be cal-
culated from V,, and D, (On-line Table 1).

Histopathologic Validation. There are no studies in either
humans with MS or animal models of MS that validated SMT-
derived metrics against histopathologic counterparts; however,
there is histopathologic validation of SMT in other models of dis-
eases. Kaden et al*' studied the mouse model of the tuberous scle-
rosis complex and evaluated microscopic features specific to
intra- and extraneurite compartments. The tuberous sclerosis
animal model is more suitable for detecting CNS axonal injury
than the MS model of experimental autoimmune encephalomy-
elitis because it is free from the inflammatory component that
contaminates data from experimental autoimmune encephalo-
myelitis. V,y and D,, were measured in several WM tracts of the
brain, including the genu, midbody, splenium of the corpus cal-
losum, and anterior commissure in both tuberous sclerosis and
control mice. V,, values were lower (P<.05) and D, values
were higher (P <.05) in the WM of animals with tuberous sclero-
sis compared with controls. Furthermore, a decrease in the my-
elinated axon fraction (with the myelin fraction excluded,
P <.001) was mirrored by a reduction of the MR imaging-based
Vax. Although obtained with a different disease model, the pro-
vided validation against axonal histology is fundamental. It is ap-
plicable to any condition affecting myelin and axonal integrity
and supports the ability of SMT to quantify axonal content with-
out artifactual effects from fiber-crossing and orientation
dispersion.

Clinical Application. Only 2 studies investigating the feasibility
and applicability of SMT in the brains** and spinal cords® of
patients with MS have been performed thus far. The authors
reported acquisition times between ~18 minutes (single-section
C-spine, 1.25 x 1.25 x 10 mm resolution, 2 b-shells, with 32 and
64 directions) and ~22 minutes (full brain coverage, 0.4 x 0.4 x
2 mm resolution, 90 directions).22 The implementation of a
recently developed multiband technique can remarkably reduce
the scan time while keeping similar image quality. For example, a
multiband factor of 3 can reduce the total scan time of SMT from
~22 minutes to ~10 minutes.

In brains** and spinal cords® of patients with MS, V,, and
D,y (brain only*®) differed between lesions and normal-appearing
WM. Decreased values of V,, were also observed in normal-
appearing WM compared with normal WM of healthy controls
(spinal cord on1y23). Reduction in acquisition schemes by 50%
did not affect the sensitivity of SMT in distinguishing all 3 tissue
subtypes.>®

Grussu et al** studied the diffusion time-dependence of IVF,
ODI, V., and D,y in 3 healthy controls and quoted percentage
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changes of these parameters in the diffusion time range of 29-
76 ms. Increases in IVF (4.1%) and V,, (2%) and decreases in
the ODI (—16%) and D, (—5.4%) as a function of the diffusion
time were noted in the motor columns of the spinal cord.
Furthermore, increases in the IVF (3.7%) and decreases in the
ODI (—15%), Vuy (—5.1%), and D,y (—11.5%) were measured
in the WM of the sensory columns of the spinal cord. The
results suggest a diffusion time-dependence of NODDI- and
SMT-derived metrics, which will provide new opportunities to
optimize these methodologies for spinal cord imaging.

Summary of Advantages and Limitations. By taking the aver-
ages of diffusion signals over all directions and making no
assumptions about the orientation of fibers, SMT removes the
orientation dependence of diffusion MR imaging signals.
These elements simplify data analysis and improve the SNR
because they remarkably reduce the interscan variability.
Histopathologic evidence supports the ability of SMT to isolate
signal contributions from axons. In clinical studies, both V,
and D,, have shown the potential to differentiate tissue sub-
types in the brains and spinal cords of patients with MS. Even
by reducing the acquisition time by 50%, the SMT metrics
were found to be equally sensitive in differentiating these tissue
subtypes.23 Both metrics, however, have failed to show correla-
tion with the clinical measure of disease. This issue may be
related simply to the relatively small sample size of cross-sec-
tional studies performed thus far. Larger studies with longitu-
dinal designs are warranted to elucidate the role of SMT-
derived metrics as biomarkers of neurodegeneration in MS.

Diffusion Basis Spectrum Imaging

DBSI was proposed to resolve multiple tensor-like populations of
water that may arise not only in healthy tissue but also from axon
injury, inflammation, and demyelination.>® Despite solid histopa-
thologic validation studies, clinical applications of this technique
are limited.

Principles of Physics. DBSI models diffusion as a combination of
multiple discrete anisotropic tensors and a spectrum of isotropic dif-
fusion tensors (On-line Figure D). The discrete anisotropic tensors
are intended to represent myelinated and unmyelinated axons ori-
ented in varying directions. The isotropic tensors, then, represent
the integration of multiple pools of water, typically separated into
the restricted spectrum from 0 = apparent diffusion coefficient =
0.3 x 10> mm?/s, which may reflect cellularity. The nonrestricted
isotropic diffusion spectrum from 0.3 x 107> mm?s < apparent
diffusion coefficient < 3.0 x 10 >mm?s reflects extracellular
edema and CSF. Thus, in DBSI, the diffusion signal is modeled as a
summation of many diffusion tensors and an integration of free
water with varying diffusivities, involves fitting many free variables,
and uses a complex signal-fitting approach.

DBSI results in estimates of several anisotropic diffusion
components (representing intra-axonal water molecules), each
weighted by signal intensity fractions (referred to as their fiber
ratios), oriented in the direction of the fiber population, and
associated with their own parallel and perpendicular diffusiv-
ity.”® Thus, just like DTT, DBSI results in metrics of RD, AD,
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fractional anisotropy, and the fraction of anisotropic compo-
nents (called the fiber fraction [FF]) (On-line Table 1). In addi-
tion, the fraction of water molecules of highly restricted
isotropic structures can be measured (referred to as the re-
stricted isotropic diffusion fraction or as the cell ratio in the
original implementation), as well as that of the less restricted
isotropic water (referred to as the water ratio).

Histopathologic Validation. Shirani et al* studied histopatho-
logic correlates of DBSI in comparison with DTI in a single tume-
factive lesion of a patient with newly diagnosed MS. DTI-derived
AD and RD and DBSI-derived RD were increased, while DTI-
and DBSI-derived fractional anisotropy were decreased in the
lesion compared with the normal WM. DBSI-derived FF was also
minimally decreased in the lesional area. Histopathologic analy-
ses showed features of demyelination with increased inflamma-
tion and cellularity, but little axonal damage. Overall, the authors
concluded that DBSI more selectively depicted demyelination
and cellular increase and was not affected by the presence of
edema, which, instead, biased the DTI-derived AD values.

Wang et al*’

studied postmortem examinations of the cervical
spinal cords of 2 patients with relapsing-remitting MS and 1 with
primary-progressive MS. The authors found correlations between
FF and silver stain (r = 0.7-0.8, P<.001, in 3/3 samples); DBS-
derived RD and Luxol fast blue stain (r = —0.4-—0.84, P < .05, in
3/3 samples); and restricted fraction and hematoxylin stain,
reflecting the number of nucleated cells (r = 0.3-0.8, P < .05, in
2/3 samples). No significant correlations were seen between
DBSI-derived AD and silver stain.

To assess the performance of DBSI and DTI metrics in the
presence of CSF contamination, Wang et al*” compared values
derived from regions in the center of the corpus callosum (repre-
senting pure axonal fibers) and from areas of the WM bordering
the lateral ventricles (representing CSF contamination) in 5
healthy controls. DBSI-derived AD and RD for each of these vox-
els were indistinguishable, while CSF contamination substantially
altered DTI-derived AD and RD.

Furthermore, DBSI and DTI values were derived from regions at
the crossing between the corona radiata and the corpus callosum;
and within the corona radiata and the corpus callosum in 5 healthy
controls, to assess the effect of fiber-crossing. DBSI AD and RD val-
ues were similar, while DTI AD and RD values differed between the
corpus callosum and regions at the crossing between the corpus cal-
losum and the corona radiata. DBSI AD values did not differ
between the pure corona radiata and corona radiata fibers extracted
from the region of crossing with the corpus callosum.

In conclusion, contrary to DTT, DBSI-derived AD and RD values
were not influenced by CSF contamination and fiber-crossing.

Clinical Application. Shirani et al”* applied DBSI in patients with
relapsing-remitting MS (n = 22, disease duration = 2.0-18.8 years),
secondary-progressive MS (1 = 16, disease duration = 15.4-39.0 years),
17, disease duration = 6.5-
18.3 years). They used recursive partitioning, a nonparametric decision

and primary-progressive MS (n =

tree-based regression and classification, to assess the ability of DBSI-
derived metrics to classify patients with different disease subtypes. FF
and restricted isotropic fraction classified 35/55 patients (63%) into the



correct MS subtype. Similarly, FF, nonrestricted isotropic fraction and
RD measured in the normal-appearing WM of the corpus callosum
correctly classified 37/55 patients (67%). No differences were seen in the
FF, isotropic restricted fraction, isotropic nonrestricted fraction, RD and
AD between WM lesions and normal-appearing WM among patients
with relapsing-remitting, secondary-progressive, and primary-progres-
sive MS.

Summary of Advantages and Limitations. The performance of
DBSI has been extensively validated against histopathology in
humans, and DBSI was shown to perform better than conven-
tional DTI in the presence of edema. Accordingly, DBSI has
shown promising results for assessing axonal quantity (DBSI-AD
and -FF) while correcting for signal impurity derived from fluid
contamination and fiber-crossing. Clinical applications of this
methodology are in their infancy. Initial studies support the
notion that DBSI correctly classifies the phenotype of about two-
thirds of patients with MS. Additional studies are necessary to
further elucidate its role in vivo. Similarly, sensitivity and specific-
ity validations are lacking in simulated and physical phantom
environments, and further investigation of precision and bias is
necessary.

High-Gradient Diffusion MR Imaging

Principles of Physics. This method is similar to the previously
developed AxCaliber method,” which maps the mean axon di-
%% It assumes diffu-
sion signals arising from 3 nonexchanging compartments:

ameter and water fractions of axons and CSF.

restricted diffusion in the intra-axonal space, hindered diffusion
in the extra-axonal space, and free diffusion in CSF (On-line
Figure E). Unlike NODDI and SMT, this method assumes that
axons have nonzero diameters and typically require diffusion
data with multiple diffusion times and multiple b-values. By
assuming that axons are cylinders, analytic models can be fit to
diffusion data to extract quantitative microstructural informa-
tion, such as mean axon diameter and apparent intra-axonal vol-
ume fraction (On-line Table 1). Note that the obtained mean
axon diameter is volume-weighted rather than an arithmetical
mean value, the latter predominantly used previously in the pa-
thology literature.”® It is challenging to fit comprehensive analytic
equations to diffusion-weighted signal data from a voxel consist-
ing of axonal fibers in >1 direction (such as fiber-crossing, curv-
ing, and dispersion). Therefore, this method was initially used
only in regions with 1 dominant axonal fiber direction, such as
the corpus callosum or the spinal cord.*"** A recent report, how-
ever, has extended the application of this method to different
WM tracts in the brain.*® This extended method assumes that
axonal fibers are oriented in a principal direction, which makes it
possible to average DWI signals perpendicular to this principal
fiber orientation. By such a means, a volume-weighted axon di-
ameter index can be obtained in all white matter tracts in the
brain, as shown in On-line Figure E.

There are existing debates on the ability of this method to fit
the axon diameter. Early studies of AxCaliber in vivo were found
to overestimate axon diameters in the corpus callosum.*
Gradient strengths can definitely alleviate this issue, yet it is rec-
ognized that the reported mean axon diameters in the corpus

callosum in healthy subjects are still overestimated compared
with the histologic findings.*"**** Moreover, a recent study
showed that the extra-axonal diffusion dominates the overall dif-
fusion signals in the typical diffusion time range; thus, it should
be used with caution to interpret the fitted axon diameter in
vivo.”® The high-gradient diffusion method requires special gra-
dient coils with gradient strengths up to 300 mT/m, which is
much stronger than the 30-80 mT/m gradient strength on typical
commercial MR imaging systems. This requirement is an impor-
tant obstacle to clinical translation.

Clinical Application. Huang et al’” studied the clinical feasibility
and applicability of high-gradient diffusion MR imaging in MS. The
authors reported a scanning time of ~51 minutes for a whole-brain ac-
quisition at a 2-mm isotropic resolution.”” Six patients with relapsing-
remitting MS (disease duration, 1-11 years) and 6 healthy controls were
initially imaged with the aim of characterizing axonal disease in MS
lesions and normal-appearing WM. Increased axonal diameter,
decreased restricted fraction, increased free water fraction, and reduced
mean axon density were described in lesions compared with normal-
appearing WM, but not between normal-appearing WM and normal
WM

Recently, the same group®” reported data from a larger patient
population, illustrated in On-line Table 2. Similarly, Santis
et al®® found increased axonal diameters and decreased restricted
volume fraction/axonal density in lesions compared with the nor-
mal-appearing WM of the corpus callosum, in normal-appearing
WM compared with normal WM, as well as in the normal-
appearing WM of patients with secondary-progressive MS com-
pared with that of patients with relapsing-remitting MS.

Summary of Advantages and Limitations. Clinical studies show
the potential for high-gradient diffusion MR imaging to differen-
tiate tissues with different degrees of axonal pathology. The
physics underlying the use of high-gradient diffusion MR imag-
ing limit its ability to quantify axon diameter in the presence of
fiber-crossing. Furthermore, no histopathologic validation has
been performed, a factor that currently hampers extrapolating
the full significance from the in vivo data. It is interesting to note
that the axonal diameter measured using this technique were
larger in patients as compared to that of healthy controls. The
finding may reflect the well-known pathologic course of axon
death.”” Axons undergo remodeling with initial swelling before
atrophy and cell death. Thus, the time when patients are imaged
may determine the direction of group differences one can find.

CONCLUSIONS
There is an urgent need to discover a biometric of neurodegeneration
and repair, which can be used to untangle MS disease progression
before it manifests as an irreversible disability. Advanced, multi-shell-
based diffusion methods have the potential to add pathologic specificity
to imaging findings, and hence serve as biomarker of neurodegenera-
tion and neuroregeneration. Additional work is required, however, to
translate these methods to clinical application.

Most of these techniques have 2 main technical advantages. First,
they use conventional, off-the-shelf diffusion MR imaging pulse
sequences, which are widely available on clinical MR imaging
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scanners. This use removes any obstacle toward their translation to
routine clinical imaging. Second, most of these diffusion methods
have their data analysis codes open to the public, making it easy to
implement independent studies. However, technical improvements
based on the implementation of multibands are warranted to
enhance clinical reliability."**' These changes will aim for faster
acquisitions with higher signal-to-noise ratio. Effort will also be
devoted to the implementation of postprocessing techniques for the
spinal cord and the development of atlases that can more accurately
couple these advanced imaging metrics with anatomic landmarks.

From a histopathologic validation standpoint, the provided
evidence is solid but remains limited because it is based on a
small number of samples or animal studies using a different
model of neurodegeneration. Ideally, postmortem studies on
human brains are the closest ones for studying human disease.
These studies, however, have the limitations of formalin fixation,
which substantially alters diffusivity properties and shortens the
T1 and T2 relaxation times of tissues compared with their in vivo
state.*> Furthermore, there is a time-dependent effect of formalin
fixation on diffusivity. Data show that scanning different brains
at a consistent postfixation interval leads to different absolute
measurements between samples, which could, in turn, lead to er-
roneous conclusions.*

Histopathologic validation of lesions requiring biopsy is also
an efficient method but has the caveat that lesions undergoing bi-
opsy are usually atypically aggressive. While not resembling, in
full, MS pathology, these evaluations still offer a solid validation
method for the imaging-pathologic correlates. Similarly, animal
studies, while again offering a disease model that may not resem-
ble, in full, that of MS, do offer opportunities to validate histo-
logic counterparts of imaging data. It is unlikely, however, that
individual centers will be able to offer a full spectrum of valida-
tion; and to this end, collaborative efforts are certainly crucial to
delineate the solidity and reproducibility of individual findings.

From a clinical standpoint, it appears that metrics derived from
each of the discussed techniques are sensitive to different degrees of
pathology in MS for both the brain and spinal cord. A common crit-
icism of those methods is that changes measured in different tissue
types using metrics derived from advanced diffusion models may, at
times, be like those measured using conventional DTI or other
quantitative techniques. Even if the criticism is valid, given the
physics principles underpinning each of those techniques, advanced
multicompartment diffusion MR imaging models offer a novel and
superior way to visualize and quantify pathology. Thus, even if the
effect size is similar, all these models add a substantial layer of patho-
logic specificity to disease detection.

Whether this increased pathologic specificity corresponds to an
improved ability to explain disability remains to be assessed. While data
thus far do not seem to necessarily suggest so, none of the presented
studies have been powered to address this question. It is also likely that
across-time changes of these proposed measures, rather than single-
time-point assessments, are reflective of across-time disease progression.
Additional larger clinical studies to address this question are the next
step. It is indeed likely, and most relevant clinically, that individual
patient changes across time, rather than between-subject cross-sectional
comparisons, are going to be both more informative and explicative of
the pathologic and clinical evolution of MS. This consideration is
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particularly relevant in lieu of the fact that axonal size and volume
change with time as a function of the pathologic processes. Swelling
and enlargement often at times precede shrinkage and transec-

3% and this feature must be taken into consideration when

tion,
comparing data from different patient cohorts or even when
comparing patients with heathy controls in cross-sectional
evaluations.

Last, but no less important, intercenter reliability measures
must be estimated. Lack of intercenter and interscanner consis-
tency is an important drawback and will consequently hinder
clinical translation of any biomarker.

Future research based on cooperative effort aiming to fill the gap in
the histopathologic, clinical, and technical knowledge as detailed above

is most warranted.
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