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Summary

Diffusion tensor imaging (DTI) is sensitive to white
matter (WM) damage in multiple sclerosis (MS), not
only in focal lesions but also in the normal-appearing
WM (NAWM). However, DTl indices can also be affected
by natural spatial variation in WM, as seen in crossing
and dispersing white matter fibers. Neurite orientation
dispersion and density imaging (NODDI) is an advan-
ced diffusion-weighted imaging technique that provi-
des distinct indices of fiber density and dispersion.
We performed NODDI of lesion tissue and NAWM in fi-
ve MS patients and five controls, comparing the tech-
nique with traditional DTI. Both DTl and NODDI identi-
fied tissue damage in NAWM and in lesions. NODDI
was able to detect additional changes and it provided
better contrast in MS-NAWM microstructure, because
it distinguished orientation dispersion and fiber den-
sity better than DTI.

We showed that NODDI is viable in MS patients and
that it offers, compared with DTI parameters, improved
sensitivity and possibly greater specificity to micro-
structure features such as neurite orientation.

KEY WORDS: diffusion, multiple sclerosis, NODDI, whi-
te matter

Introduction

Magnetic resonance imaging (MRI) is an established

imaging technique that is routinely applied in the dia-
gnosis and management of multiple sclerosis (MS) (Bar-
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khof et al., 1997; Brex et al., 2002). However, conven-
tional T1-weighted and T2-weighted MRI protocols are
very limited in their ability to quantify the exact nature
and extent of tissue damage in the disease (Filippi and
Agosta, 2010; Filippi et al., 2012). Diffusion-weighted
MRI (dMRI) uses a diffusion-sensitizing gradient to pro-
be the diffusion of water molecules in the direction of the
gradient (Stejskal and Tanner, 1965). By varying the dif-
fusion sensitization strength (b-value) and the direction
of the dMRI gradients, the dMRI signal can be used to
reveal microstructural features of the underlying tissues,
such as axonal density and orientational organization
(see e.g. (Le Bihan, 2003) for a review).

The simplest way to model the diffusion process is to as-
sume that displacements of water molecules in tissue
follow a 3-dimensional Gaussian distribution, which can
be represented by a diffusion tensor (DT) (Basser et al.,
1994). The DT is characterized by three main diffusion
coefficients which are associated with three principal dif-
fusion directions (the DT’s eigenvectors). From the DT
parameters, rotationally-invariant DT metrics can be cal-
culated, namely, fractional anisotropy (FA), mean diffu-
sivity (MD), axial diffusivity and radial diffusivity (RD). DT
metrics have been shown to be sensitive to alterations
of white matter (WM) microstructure, such as axonal
density and myelination, as shown in animal models of
MS (Abe et al., 2002; Song et al., 2003).

Diffusion tensor imaging (DTI) has been widely used to
investigate microstructural changes both within lesions
and in normal-appearing tissues in MS (Sbardella et al.,
2013). A number of studies have reported decreases in
FA and increases in MD in normal-appearing WM
(NAWM) in people with MS compared with healthy con-
trols (Werring et al., 1999; Filippi et al., 2001; Rovaris et
al., 2002; Ciccarelli et al., 2003). Although these abnor-
malities occur early in the course of MS (Gallo et al.,
2005), more marked DTI abnormalities in the NAWM oc-
cur in patients with more significant disability and pro-
gressive forms of MS (Preziosa et al., 2011). DTl is also
sensitive for the detection of microstructural changes in
cortical gray matter (GM), again both in lesions and in
normal-appearing tissue, associated with physical dis-
ability and cognitive impairment in MS (Yaldizli et al.,
2016; Roman and Arnett, 2016). Combined MRI-histo-
pathological studies have demonstrated high correla-
tions between changes in DTI indices and myelin con-
tent/axonal count in NAWM and WM lesions, suggesting
that DTI abnormalities reflect pathological changes rele-
vant to disability and disease progression in MS (Kim et
al., 2006; Schmierer et al., 2007; Budde et al., 2009).
Despite its sensitivity to microstructure, one of the big-
gest caveats of DTl is that its metrics are affected simi-
larly by changes in microstructure and changes in orien-
tational organization, which reduces the interpretability
of its metrics. Furthermore, DTI metrics become difficult
to interpret when two or more distinct tissues with diffe-
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rent diffusion characteristics are present in a single vo-
xel, e.g. at the interfaces between WM/GM and the ce-
rebrospinal fluid (CSF) (Alexander et al., 2001). Even in
pure GM or WM voxels, the displacement probability is
not well described by a Gaussian model, especially at
longer diffusion times and high diffusion sensitization
strengths (Alexander et al., 2002).

Recently, biophysically motivated multi-compartment
dMRI models of WM have emerged (Panagiotaki et al.,
2012), which explain dMRI findings more accurately and
thus promise to characterize the microstructure more
precisely (Ferizi et al., 2014; Ferizi et al., 2015). Howe-
ver, these more complex models are also more deman-
ding, in terms of acquisition time and MR gradients.
Neurite orientation dispersion and density imaging
(NODDI) (Zhang et al., 2012) has recently been propo-
sed as a simplified three-compartment model, with mo-
dest acquisition time and hardware requirements. The
NODDI model describes brain tissue as a combination
of three different compartments: the intra-neurite space
(neurites are modelled sticks with zero radius with orien-
tation distribution modelled by a Watson distribution);
the extra-neurite space (simple Gaussian anisotropic
diffusion as in the DTl model) and free water, as in CSF
(isotropic Gaussian diffusion). The method produces
maps of neurite density index (NDI), orientation disper-
sion index (ODI) and isotropic volume fraction (isoVF).
Therefore, unlike DTI, NODDI explicitly estimates orien-
tation dispersion and neurite density, both of which con-
tribute to conventional DTI metrics such as FA. NODDI
parameters have recently been shown to provide greater
contrast than DTI for the detection of subtle cortical ab-
normalities in people with epilepsy (Winston et al., 2014).
NODDI metrics have also been shown to be more infor-
mative than DTI in describing differences between main
fiber tracts in terms of intra-axonal water fraction and
axon dispersion when used to study the time-course of
maturation in the developing brain (Kunz et al., 2014).
In this pilot study, we applied NODDI to a small cohort of
MS patients and age- and gender-matched healthy con-
trols (HCs). We compared its metrics with standard DTI
parameters to explore whether NODDI better detects
and distinguishes microstructural disruption in MS pa-
tients (in both lesional tissue and NAWM) compared
with HCs.

Methods
Subjects

Five MS patients (mean age 39 =9 years, 3 female) with
relapsing-remitting MS and five age- and sex-matched
healthy controls not known to have neurological or
psychiatric disorders (Tab. |) were scanned. The MS pa-
tients had a mean disease duration of 11 years (range
6-16 years) and had moderate neurological disability,
corresponding to a median Expanded Disability Status
Scale (EDSS) score of 4 (range 3.5-6). None of the pa-
tients had experienced a relapse in the previous 4
weeks and all were stable on disease-modifying therapy
(either beta interferon or glatiramer acetate). Written in-
formed consent was obtained for participation in the
study, which was approved by the local institutional
ethics committee.
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Table | - Age, sex and disease characteristics in controls and
MS subjects.

Controls Subjects
Age in years, mean (SD) 37.6 (12.3) 39.2 (8.6)
Sex (female:male) 3:2 3:2
Disease duration, mean (SD) n/a 11 (3.4)
EDSS, median (range) n/a 4 (3-6)

Imaging protocol

All scanning was performed on a Philips Achieva 3T TX
scanner, using a 32-channel head coil. We acquired the
following sequences: (i) multi-echo PD/T2 sequence for
tissue segmentation and lesion marking: voxel size 1x1x3
mm3, FOV=240x240 mm?2, 50 slices, TE=19/88 ms,
TR=8500, SENSE=1.7 (scan time = 4 minutes) (ii) NOD-
DI DWI protocol adapted from Zhang et al. (2012): voxel
size 2.5 mm3, axial FOV=220x220 mm?Z, 60 slices, SEN-
SE=2, TE=73 ms, TR=12 s, b-values 300/711/2000
s/mm?2 with 6/15/30 isotropically distributed directions and
10 interleaved non-diffusion weighted (b=0) images (scan
time = 15 minutes).

DWI analysis

The DWI data were corrected for motion and eddy cur-
rent distortions using the eddy tool of FSL5 (Jenkinson
et al., 2012; Andersson and Sotiropoulos, 2016). We
then de-noised the NODDI source images using the
joint anisotropic non-local means algorithm (Tristan-Ve-
ga and Aja-Fernandez, 2010) to increase SNR. NODDI
fitting was performed with the NODDI Matlab Toolbox
using the default settings (http://www.nitrc.org/pro-
jects/noddi_toolbox). Maps of NDI, ODI and isoVF were
generated. For comparison, standard DTl parameter
maps of FA, MD, AD and RD were derived from the sa-
me dataset with the open-source Camino toolkit (Cook
et al., 2006), using only the b=0 and b=711 s/mm? data
for each subject.

Post-processing and ROI analysis

In each dataset, WM was segmented on the high-reso-
lution PD/T2w scan, using both PD and T2w images as
inputs for the SPM12 brain segmentation algorithm
(Ashburner and Friston, 2005). The resulting WM pro-
bability maps were then thresholded to 90%, to exclude
mixed-tissue WM and minimize segmentation errors. In
MS patients, lesions were manually marked by an ex-
perienced neurologist on the PD/T2w scans. The T2w
scan was then non-linearly registered with NiftyReg
(Modat et al., 2010) to the mean b=0 of each subject
and the resulting transformation was applied to the WM
mask and lesion mask to align them with the NODDI and
DTI maps. In the healthy controls the whole WM mask
was used for ROl analysis. In MS patients, a mask of
NAWM was generated by subtracting the lesion mask
from the whole WM mask and eroding with a small
structuring element (3x3x3), to exclude misregistration
and partial-volume effects at the tissue interfaces. Si-
gnificant differences between the per-subject means
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over the whole WM/NAWM/lesion ROI were tested with
a non-parametric Mann-Whitney-U test (p<0.05).

Results

Figure 1 shows a qualitative comparison of DTl and
NODDI maps in a sample MS subject. In comparing the
images, NDI and FA can be seen to show similar con-
trast in coherent WM tracts like the corticospinal tract or
the corpus callosum. In fiber crossing or fanning regions
such as the crossing region between posterior corona
radiata and forceps major, NDI contrast is more homo-
geneous than FA, which is affected more by the greater
dispersion of WM tracts. The MS white matter lesions
are generally well delineated using both DTI and NOD-
DI. FA shows a marked reduction in WM lesions, while
AD, RD and MD are all increased. The NODDI metrics
show low NDI, low ODI and high isoVF in WM lesions.

Figure 2 reports a quantitative comparison of WM-tis-
sue-specific DTI and NODDI indices. MS lesions show a
statistically significant increase in AD and RD, and con-
sequently MD, compared with HC WM. FA in MS lesion
tissue is statistically significantly lower than in NAWM
and HC WM. NODDI indices confirm the presence of mi-
crostructural changes in lesions; in fact, NDI and ODI
are reduced and isoVF is increased in lesions compared
with HC WM. Furthermore, NODDI indices show signifi-
cant differences between MS NAWM and HC WM tis-
sue, with a decrease in NDI and increase in ODI in
NAWM (opposite to what is observed in lesion tissue).

Discussion

Our findings suggest that NODDI may be very helpful in
MS, providing in vivo measurements of tissue micro-
structural changes, complementary to DT indices.

A key finding of this work is that NODDI indices, compa-
red with HC values, appear to be sensitive to micro-

structural changes in NAWM (decreased NDI, increased
ODI). Particularly intriguing is the finding of increased
ODI in NAWM of MS patients compared with a decrea-
sed ODI in lesions. This suggests the presence of a loss
of fiber coherence (i.e. an increase in fiber dispersion) in
NAWM and a reduction of axonal density, which cannot
be directly detected with DTI metrics.

From the reduced NDI we can further infer a loss of axo-
nal density both in NAWM and in WM lesions in MS
compared with HCs, which is consistent with findings
from previous studies using DTI (e.g. Bammer et al.,
2000; Werring et al., 1999) and complementary MRI
techniques such as magnetization transfer ratio imaging
(Cercignani et al., 2001). The reduction in NDI in WM le-
sions and NAWM is also in keeping with previous pa-
thological studies showing marked axonal loss within le-
sions and to a lesser degree in NAWM (Schmierer et al.,
2004; Schmierer et al., 2007; Klawiter et al., 2011).

An unexpected result is the lower ODI values found in
lesional tissue compared with HC WM and NAWM in MS
subjects. However, a recent ex vivo combined MRI and
pathological study found a similar trend of decreased
ODI in MS spinal cord lesions (Grussu et al., 2015). Ne-
vertheless, the ODI results in the lesions should be in-
terpreted with caution given that, in the presence of se-
vere axonal loss (as shown by low NDI), the degree of
dispersion was estimated from only a small fraction of
the signal in the tissue, which might have resulted in nu-
merical instabilities in the NODDI model fit.

The major limitation of this study is the small sample si-
ze. However, even in this pilot investigation in just five
MS patients, NODDI appears to be sensitive to micro-
structural tissue damage, providing information comple-
mentary to that provided by conventional DTI. NODDI
may clarify changes in neurite density and dispersion
due to MS pathology, particularly in regions where intra-
voxel fiber coherence is naturally low. The preliminary
data presented here need further confirmation in larger
cohorts and in patients with different types of MS. We
studied a group of patients with long-standing relapse-

Figure 1 - lllustration of NODDI and DTI parameters in one slice of a single MS subject.

The MS lesion tissue in the major white matter tracts is clearly marked in the AD, MD and RD and NDI maps (blue arrow). NDI provides su-
perior contrast to DTI metrics in periventricular lesion (green arrow) especially in regions with CSF partial volume and fiber crossings contri-
buting to the estimated parameter values.
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Figure 2 - Boxplot of average DTl and NODDI parameters over ROIs of healthy control white matter tissue and nor-
mal-appearing white matter (NAWM) and lesion tissue in MS patients.
Symbols highlight statistically significant differences (**p<0.01,*p<0.05).

onset MS with moderate neurological disability, but a lar-
ger clinical study involving patients with a range of dis-
ability is required to investigate the relationship between
NODDI metrics and disease progression. It would also
be interesting, in the future, to recruit patients with acti-
ve inflammatory disease and gadolinium-enhancing le-
sions, so as to study NODDI metrics in acute lesions.
While NODDI is explicitly designed to represent both
WM and GM tissue, this study focused only on WM re-
gions in MS. It would therefore also be of interest, in fu-
ture studies, to explore the GM. The main methodologi-
cal limitation is the relatively large voxel size of our dif-
fusion imaging protocol (2.5 mms3). Reducing voxel size
whilst maintaining a clinically feasible scan duration is
possible only with the implementation of strategies that
take advantage of stronger imaging gradients and more
advanced MRI encoding schemes, such as multiband
imaging (Setsompop et al., 2012).

In conclusion, we have shown that NODDI is a viable
technique to apply in MS, in which it provides promising
new biomarkers for lesion and NAWM characterization.
Furthermore, compared with DTI parameters, it shows
greater specificity in detecting microstructural features
such as neurite orientation. The sequence can be rea-
dily implemented on all commercially available MRI
scanners, and this, together with the relatively short ac-
quisition time of the protocol, makes NODDI suitable for
inclusion in clinical studies of MS.

100

References

Abe O, Aoki S, Hayashi N, et al (2002). Normal aging in
the central nervous system: quantitative MR diffu-
sion-tensor analysis. Neurobiol Aging 23:433-441.

Alexander AL, Hasan KM, Lazar M, et al (2001). Analy-
sis of partial volume effects in diffusion-tensor MRI.
Magn Reson Med 45:770-780.

Alexander DC, Barker GJ, Arridge SR (2002). Detection
and modeling of non-Gaussian apparent diffusion
coefficient profiles in human brain data. Magn Re-
son Med 48:331-340.

Andersson JL, Sotiropoulos SN (2016). An integrated
approach to correction for off-resonance effects and
subject movement in diffusion MR imaging. Neurol-
mage 125:1063-1078.

Ashburner J, Friston KJ (2005). Unified segmentation.
Neuroimage 26:839-851.

Bammer R, Siegrid Strasser-Fuchs MA, Seifert T, et al
(2000). Magnetic Resonance Diffusion Tensor Ima-
ging for Characterizing Diffuse and Focal White
Matter Abnormalities in Multiple Sclerosis. Magn
Reson Med 44:583-591.

Barkhof, Frederik, Filippi M, Miller DH, et al (1997).
Comparison of MRI Criteria at First Presentation to
Predict Conversion to Clinically Definite Multiple
Sclerosis. Brain 120:2059-2069.

Basser PJ, Mattiello J, LeBihan D (1994). MR Diffusion
Tensor Spectroscopy and Imaging. Biophys J 66:259.

Functional Neurology 2017; 32(2): 97-101



Multi-shell NODDI in multiple sclerosis

Brex PA, Ciccarelli O, O’Riordan JI, et al (2002). A Longi-
tudinal Study of Abnormalities on MRI and Disability
from Multiple Sclerosis. N Engl J Med 346:158-164.

Budde MD, Xie M, Cross AH, et al (2009). Axial Diffusi-
vity Is the Primary Correlate of Axonal Injury in the
Experimental Autoimmune Encephalomyelitis Spi-
nal Cord: A Quantitative Pixelwise Analysis. J Neu-
rosci 29:2805-2813.

Cercignani M, Bozzali M, lannucci G, et al (2001). Ma-
gnetisation Transfer Ratio and Mean Diffusivity of
Normal Appearing White and Grey Matter from Pa-
tients with Multiple Sclerosis. J Neurol Neurosurg
Psychiatry 70:311-317.

Ciccarelli O, Werring DJ, Barker GJ, Griffin CM, Whee-
ler-Kingshott CA, Miller DH, Thompson AJ (2003).
A study of the mechanisms of normal-appearing
white matter damage in multiple sclerosis using dif-
fusion tensor imaging. Journal of neurology, 250(3),
287-292.

Cook PA, Bai Y, Nedjati-Gilani SKKS, et al (2006). Ca-
mino: Open-Source Diffusion-MRI Reconstruction
and Processing. In 14th Scientific Meeting of the In-
ternational Society for Magnetic Resonance in Me-
dicine. Vol. 2759. Seattle WA, USA.

Ferizi U, Schneider T, Panagiotaki E, et al (2014). A Ranking
of Diffusion MRI Compartment Models with in Vivo Hu-
man Brain Data. Magn Reson Med 72:1785-1792.

Ferizi U, Schneider T, Witzel T, et al (2015). White Mat-
ter Compartment Models for in Vivo Diffusion MRI
at 300mT/m. Neurolmage 118:468-483.

Filippi M, Agosta F (2010). Imaging Biomarkers in Multi-
ple Sclerosis. J Magn Reson Imaging. 31:770-788.

Filippi M, Cercignani M, Inglese M, Horsfield MA, Comi
G (2001). Diffusion tensor magnetic resonance
imaging in multiple sclerosis. Neurology 56, no. 3:
304-311.

Filippi M, Rocca MA, Barkhof F, et al (2012). Association
Between Pathological and MRI findings in Multiple
Sclerosis. Lancet Neurol 11:349-360.

Gallo A, Rovaris M, Riva R, Ghezzi A, Benedetti B, Marti-
nelli V, Filippi M (2005). Diffusion-tensor magnetic re-
sonance imaging detects normal-appearing white
matter damage unrelated to short-term disease acti-
vity in patients at the earliest clinical stage of multiple
sclerosis. Archives of Neurology, 62(5), 803-808.

Grussu F, Schneider T, Yates RL, et al (2015). Histologi-
cal Metrics Confirm Microstructural Characteristics
of NODDI Indices in Multiple Sclerosis Spinal Cord.
ISMRM Meeting 2015, Toronto, Canada.

Jenkinson M, Beckmann CF, Behrens TEJ, et al (2012).
Fsl. Neuroimage 62:782-790.

Kim JH, Budde MD, Liang HF, et al (2006). Detecting
Axon Damage in Spinal Cord from a Mouse Model
of Multiple Sclerosis. Neurobiol Dis 21:626-632.

Klawiter EC, Schmidt RE, Trinkaus K, et al (2011). Ra-
dial Diffusivity Predicts Demyelination in Ex Vivo
Multiple Sclerosis Spinal Cords. Neuroimage
55:1454-1460.

Kunz N, Zhang H, Vasung L, et al (2014). Assessing
White Matter Microstructure of the Newborn with
Multi-Shell Diffusion MRI and Biophysical Compart-
ment Models. Neuroimage 96:288-299.

Le Bihan D (2003). Looking into the Functional Archi-
tecture of the Brain with Diffusion MRI. Nat Rev
Neurosci 4:469-480.

FFunctional Neurology 2017; 32(2): 97-101

Modat M, Ridgway GR, Taylor ZA, et al (2010). Fast Free-
Form Deformation Using Graphics Processing Units.
Comput Methods Programs Biomed 98:278-284.

Panagiotaki E, Schneider T, Siow B, et al (2012). Com-
partment Models of the Diffusion MR Signal in Brain
White Matter: A Taxonomy and Comparison. Neu-
roimage 59:2241-2254.

Preziosa P, Rocca MA, Mesaros S, Pagani E, Stosic-
Opincal T, Kacar K, Filippi M (2011). Intrinsic dama-
ge to the major white matter tracts in patients with
different clinical phenotypes of multiple sclerosis: a
voxelwise diffusion-tensor MR study. Radiology,
260(2), 541-550.

Roman CA, Arnett PA (2016). Structural brain indices
and executive functioning in multiple sclerosis: a re-
view. J Clin Exp Neuropsychol 38:261-274.

Rovaris M, lannucci G, Falautano M, Possa F, Martinel-
liV, Comi G, Filippi M (2002). Cognitive dysfunction
in patients with mildly disabling relapsing—remitting
multiple sclerosis: an exploratory study with diffu-
sion tensor MR imaging. Journal of the neurological
sciences, 195(2), 103-109.

Sbardella E, Tona F, Petsas N, et al (2013). DTI Measu-
rements in Multiple Sclerosis: Evaluation of Brain
Damage and Clinical Implications. Mult Scler
Int:671-730.

Schmierer K, Scaravilli F, Aitmann DR, et al (2004). Ma-
gnetization Transfer Ratio and Myelin in Postmortem
Multiple Sclerosis Brain. Ann Neurol 56:407-415.

Schmierer K, Wheeler-Kingshott CAM, Boulby PA, et al
(2007). Diffusion Tensor Imaging of Post Mortem
Multiple Sclerosis Brain. Neuroimage 35:467-477.

Setsompop K, Gagoski BA, Polimeni GR, et al (2012).
Blipped-Controlled Aliasing in Parallel Imaging for
Simultaneous Multislice Echo Planar Imaging with
Reduced G-Factor Penalty. Magn Reson Med
67:1210-1224.

Song Sk, Sun SW, Ju WK, et al (2003). Diffusion Tensor
Imaging Detects and Differentiates Axon and Mye-
lin Degeneration in Mouse Optic Nerve After Retinal
Ischemia. Neuroimage 20:1714-1722.

Stejskal EO, Tanner JE (1965). Spin Diffusion Measure-
ments: Spin Echoes in the Presence of a Time-De-
pendent Field Gradient. J Chem Phys 42:288-292.

Tristan-Vega A, Aja-Fernandez S (2010). DWI Filtering
Using Joint Information for DTI and HARDI. Med
Image Anal 14:205-218.

Werring DJ, Clark CA, Barker GJ, et al (1999). Diffusion
Tensor Imaging of Lesions and Normal-Appearing
White Matter in Multiple Sclerosis. Neurology
52:1626.

Winston GP, Micallef C, Symms MR, et al (2014). Ad-
vanced Diffusion Imaging Sequences Could Aid As-
sessing Patients with Focal Cortical Dysplasia and
Epilepsy. Epilepsy Res 108:336-339.

Yaldizli O, Pardini M, Sethi V, et al (2016). Characteristics
of lesional and extra-lesional cortical grey matter in
relapsing-remitting and secondary progressive multi-
ple sclerosis: a magnetisation transfer and diffusion
tensor imaging study. Mult Scler 22:150-159.

Zhang H, Schneider T, Wheeler-Kingshott CA, et al
(2012). NODDI: Practical in Vivo Neurite Orienta-
tion Dispersion and Density Imaging of the Human
Brain. Neuroimage 61:1000-1016.

101





