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A B S T R A C T

Objectives: To demonstrate the feasibility of the neurite orientation dispersion and density imaging (NODDI)
technique in characterizing the microstructural changes in brain tissues during ischemic stroke and to compare
its sensitivity with diffusion tensor imaging (DTI) and diffusion kurtosis imaging (DKI).
Methods: Seventy-one patients with hyperacute/acute/subacute ischemic stroke were enrolled in the study. A
multishell diffusion magnetic resonance imaging (dMRI) protocol was performed for each subject. Diffusion data
were analyzed using the NODDI and diffusional kurtosis estimator toolboxes. Then, NODDI metrics between the
lesions and the contralateral tissues were compared to evaluate their values in ischemic stroke. NODDI metrics
among different stroke periods and the correlations between NODDI and the duration since stroke onset were
analyzed as well. To compare the NODDI's sensitivity with established diffusion techniques, paired t-tests were
performed to determine the absolute percentage changes of diffusion metrics between NODDI and DTI/DKI.
Results: Compared with the contralateral tissues, lesions showed significantly increased values of intracellular
volume fraction (Vic) and orientation dispersion index (ODI) and decreased values of isotropic volume fraction
(Viso). ODI value was significantly different among three periods and showed fair to good positive correlation
with the duration since stroke onset (R=0.450). NODDI metrics showed significantly larger absolute percentage
changes than that of DTI and DKI (P < 0.05, respectively).
Conclusion: NODDI allowed efficient evaluation of microstructural changes in brain tissues during ischemic
stroke and showed increased sensitivity compared with DTI and DKI. The possible biophysical mechanisms
underlying ischemia could be further elucidated using this advanced diffusion technique.

1. Introduction

Stroke is one of the most important causes of death and disability in
humans, resulting in tremendous social and economic burden [1].
Ischemia is the most important factor in stroke. Thus, accurate assess-
ment of the pathomechanism of ischemic stroke is critical for the di-
agnosis, treatment, and prognosis of patients.
Nowadays, diffusion magnetic resonance imaging (dMRI) is widely

used in the early assessment of ischemic stroke [2,3]. Diffusion tensor
imaging (DTI) is the conventional and commonly used clinical dMRI
technique. DTI is based on the Gaussian distribution assumption of
diffusion processes, which may not be appropriate to describe the non-

Gaussian diffusion processes in biological tissues [4]. As the extension
of DTI, diffusion kurtosis imaging (DKI) is a common non-Gaussian
diffusion imaging technique that can reflect the complexity of tissue
microstructures to some degree. However, both DTI and DKI cannot
disentangle the confounding factors such as neurite density and or-
ientation dispersion contribution to microstructural changes [5]. To
address these problems, some advanced diffusion techniques have been
proposed, such as the ball-and-stick model, q-ball imaging, diffusion
spectrum imaging, composite hindered and restricted model of diffu-
sion, neurite orientation dispersion and density imaging (NODDI), and
other high-angular-resolution diffusion imaging models or reconstruc-
tion methods [6–12]. Notably, the NODDI technique as an advanced

https://doi.org/10.1016/j.mri.2018.10.018
Received 1 June 2018; Received in revised form 25 October 2018; Accepted 27 October 2018

Abbreviations: dMRI, diffusion MRI; DTI, diffusion tensor imaging; DKI, diffusion kurtosis imaging; NODDI, neurite orientation dispersion and density imaging; Vic,
intracellular volume fraction; ODI, orientation dispersion index; Viso, isotropic volume fraction; rVic, relative intracellular volume fraction; rODI, relative orientation
dispersion index; rViso, relative isotropic volume fraction; GM, gray matter; WM, white matter; DKE, diffusion kurtosis estimator; MK, mean kurtosis; FA, fractional
anisotropy; MD, mean diffusivity; ROI, region of interest; CSF, cerebrospinal fluid

⁎ Corresponding author.
E-mail address: zhuwenzhen8612@163.com (W. Zhu).

Magnetic Resonance Imaging 57 (2019) 28–33

0730-725X/ © 2018 Elsevier Inc. All rights reserved.

T

http://www.sciencedirect.com/science/journal/0730725X
https://www.elsevier.com/locate/mri
https://doi.org/10.1016/j.mri.2018.10.018
https://doi.org/10.1016/j.mri.2018.10.018
mailto:zhuwenzhen8612@163.com
https://doi.org/10.1016/j.mri.2018.10.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mri.2018.10.018&domain=pdf


non-Gaussian diffusion model can quantitatively evaluate specific mi-
crostructural changes in terms of neurite density and orientation dis-
tribution of axons and dendrites. It has been proven to be a more ap-
propriate model to describe the changes in neurite orientation
dispersion and density by several previous studies on both healthy
subjects and patients with various neurological disorders, such as
multiple sclerosis, depressive disorder, Wilson's disease, and so on
[5,10–17].
The aim of this study was to evaluate the feasibility of NODDI for

quantitatively detecting the microstructural changes in brain tissues
during ischemic stroke and to attempt to determine whether NODDI
metrics could be used as specific markers to elucidate possible bio-
physical mechanisms underlying ischemic stroke.

2. Materials and methods

2.1. Patients

This study was approved by the ethics committee of Tongji Hospital,
Wuhan, China. Written informed consent was obtained from each
participant before the examination. A total of 102 patients with is-
chemic stroke (53 men, 18 women, mean age 54.0 years, age range
26–80 years) from February 2013 to August 2014 were enrolled in this
study. All patients were diagnosed with ischemic stroke according to
their clinical and imaging data. The time intervals between symptom
onset and MRI examination for all patients were from 6 h to 2 weeks. Of
these patients, 31 were excluded because of motion artifacts (n=15),
hemorrhagic transformation (n= 4), contralateral area lesions (n=3),
and small lesion size (minimal diameter < 0.5 cm, n= 9). In addition,
patients with a history of brain neoplasm were also excluded from our
study. Thus, 71 cases were included for the following analysis.
According to previous studies [18], all patients were divided into three
groups based on the time from symptom onset to MRI examination:
hyperacute period (0 h–6 h, n=6), acute period (6 h–3 days, n= 23),
and subacute period (3 days–2weeks, n= 42).

2.2. Image acquisition

All MRI examinations were conducted on a 3 T MRI system using a
32-channel head coil (GE Medical Systems, Discovery MR750,
Waukesha, WI, USA). For the diffusion imaging, a multishell protocol
was performed along 25 noncollinear directions at 3 b-values (0, 1250,
and 2500 s/mm2). Other acquisition parameters were as follows:
TR=5000ms, TE=98.1ms, slice thickness= 4mm,
FOV=240×240mm2, matrix size= 128×128, NEX=1, total scan
time=5min 45 s.

2.3. Imaging analysis

The DICOM data were first converted to NIFTI format. Then, all
diffusion data were preprocessed for eddy current distortion, head
motion corrections, and brain extraction using FSL (http://fsl.fmrib.ox.
ac.uk). After preprocessing steps, NODDI-related metrics (intracellular
volume fraction [Vic], orientation dispersion index [ODI], and isotropic
volume fraction [Viso]) were generated using the NODDI Matlab
Toolbox (http://www.nitrc.org/projects/noddi_toolbox). The full nor-
malized signal S in NODDI can be written as

= + +S (1 V )(V S (1 V )S ) V Siso ic ic ic ec iso iso

where Sic is the non-Gaussian pattern of the intracellular diffusion
signal and Sec is the extracellular normalized signal, which represents
the space around the axons and dendrites, including various types of
glial cells and somas in gray matter (GM). The diffusion of water mo-
lecules is hindered but not restricted by the presence of neurites in this
compartment. Thus, it is modeled using an anisotropic Gaussian diffu-
sion process. Siso is the normalized signal of the isotropic Gaussian
diffusion compartment. In addition, DKI and DTI metrics were calcu-
lated using diffusion kurtosis estimator (DKE) software (http://www.
nitric.org/projects/dke). DKI-related metric mean kurtosis (MK) and
DTI-related metrics including fractional anisotropy (FA) and mean
diffusivity (MD) were generated.
Regions of interest (ROIs) were manually drawn along the areas of

ischemia with explicit hyperintensity on the mean of all diffusion
images with a b-value of 1250 s/mm2 using ITK-SNAP [19]. To mini-
mize the partial volume effect on the calculation accuracy, the obscure
hyperintensity areas were excluded. In addition, the ROIs with multi-
slice rather than a single slice with the largest lesion region were used
to allow us to obtain the mean value of the whole lesion without biased
analysis about ischemia. Mirrored ROIs were placed and manually
modified to represent contralateral normal brain tissues. Cerebrospinal
fluid (CSF) or large vessels were also manually excluded in all ROIs. The
same ROIs were then overlaid to all dMRI parametric maps. Examples
of ROI placement in lesions and contralateral regions are depicted in
Fig. 1. All ROIs were outlined by an experienced neuroradiologist
(Z.W., 3 years of experience) and confirmed by another neuroradiolo-
gist (S.Z., 6 years of experience).
Averaged values of all pixels within each ROI were extracted for all

diffusion parameters. Moreover, the relative NODDI (rNODDI) metrics
(relative Vic [rVic], relative ODI [rODI], and relative Viso [rViso]) from
normal to ischemic areas were computed as L/C to standardize the
NODDI metric values and partly eliminate the effect of different brain
volumes on the assessment of NODDI metrics. The percentage changes
of the different diffusion metrics from normal to ischemic areas were
computed as [(L−C) / C]× 100%, as well to evaluate the sensitivity,
where L and C denote the mean values of the lesions and contralateral

Fig. 1. ROIs encompassing lesion and contralesional tissue. Lesion was hyperintense on diffusion image (a). ROIs on axial slice (b) and coronal slice (c). Red indicates
lesion, and green indicates normal tissue. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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tissues, respectively.

2.4. Statistical analysis

Statistical analysis was performed using Statistical Product and
Service Solutions (SPSS, version 19.0, Chicago, IL) software. To assess
the value of NODDI, a paired t-test was used to compare the mean
NODDI parameters between ischemic lesions and contralateral normal
tissues. Then, analysis of variance test was performed to compare
NODDI/rNODDI metrics between different stroke periods (hyperacute,
acute, and subacute). Furthermore, the correlations between NODDI/
rNODDI metrics and the duration since stroke onset were also assessed.
Pearson's correlation coefficient was considered to be poor
(0 < R≤0.2), weak (0.2 < R≤0.4), fair to good
(0.40 < R≤0.75), or excellent (R > 0.75). To compare the sensi-
tivity in describing ischemic stroke with previous diffusion techniques,
paired t-tests were performed on absolute percentage changes of dif-
fusion metrics between NODDI and DTI/DKI. For all statistical analysis
procedures, P < 0.05 was considered statistically significant.

3. Results

Parametric maps of NODDI (Vic, ODI, and Viso), DTI (FA and MD),
and DKI (MK) were generated from each subject. Representative para-
metric maps for typical subjects in different periods are illustrated in
Fig. 2. It was shown that ischemic areas had apparent heterogeneous
and high signal on the ODI and Vic maps and hypointensity on the Viso
map. MK showed heterogeneous hyperintensity; FA and MD showed
hypointensity in lesions.

3.1. Comparison of NODDI metrics between lesions and contralateral tissues

NODDI metrics in lesions were significantly different from those in
contralateral normal tissues. Specific quantitative analysis of NODDI

metrics between the lesions and the contralateral regions are shown in
Table 1. The values of Vic and ODI in lesion areas increased significantly
(P < 0.05, respectively), whereas the Viso value decreased significantly
compared with contralateral regions (P < 0.05).

3.2. Comparison of NODDI/rNOODI metrics among different stroke periods

A significant intergroup difference was found for the ODI value.
From the hyperacute to subacute periods, the ODI value increased and
reached the peak at the subacute period (0.426 ± 0.076,
0.544 ± 0.099, and 0.590 ± 0.080; P < 0.05). There were no sig-
nificant intergroup differences for Vic or Viso values (P=0.860 and
P=0.620, respectively; Table 2 and Fig. 3a). The rNODDI metrics had
similar results, as shown in Table 3 and Fig. 3b.

Fig. 2. FA, MD, MK, Vic, ODI, and Viso maps in different periods with three representative patients. Increased Vic, ODI, and MK values were found, while decreased
Viso, FA, and MD values were observed during the hyperacute, acute, and subacute periods.

Table 1
Comparison of NODDI metrics between the lesions (L) and the contralateral
tissues (C) and the absolute percentage changes between NODDI and DTI/DKI
metrics.

Hyperacute/acute/subacute

L C Percent change

Vic 0.869 ± 0.062 0.545 ± 0.076 0.616 ± 0.187a,b

ODI 0.561 ± 0.097 0.286 ± 0.065 1.024 ± 0.415a,b,c

Viso 0.030 ± 0.017 0.092 ± 0.037 −0.659 ± 0.154a,b

MK 1.393 ± 0.245 0.869 ± 0.111 0.606 ± 0.223c

FA 0.253 ± 0.081 0.361 ± 0.082 −0.294 ± 0.164b

MD 0.578 ± 0.067 0.950 ± 0.091 −0.390 ± 0.068b

P < 0.05 was considered statistically significant.
a Significant difference between the NODDI metrics in L and C.
b Significant difference between the absolute percentage changes of NODDI

and DTI metrics (FA, MD versus Vic, ODI, Viso).
c Significant difference between the absolute percentage changes of ODI and

MK.
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3.3. Correlation between NODDI/rNODDI metrics and the duration since
stroke onset

The value of ODI showed a fair to good positive correlation with the
duration since stroke onset (R=0.450, P < 0.05), whereas the Vic and
Viso value showed no significant correlation with the time since stroke
onset (R=0.089, P=0.462; R=0.163, P=0.175). The rNODDI
metrics showed consistent results (Fig. 4).

3.4. Comparison of sensitivity between NODDI and DTI/DKI

As shown in Table 1 and Fig. 3c, in 71 patients with hyperacute/
acute/subacute ischemic stroke, NODDI metrics (Vic, ODI, and Viso) had
significantly increased absolute percentage changes compared with FA
and MD metrics (P < 0.05, respectively), and the percentage change of
ODI was significantly larger than MK (P < 0.05).

4. Discussion

In the present study, we demonstrated that the use of NODDI is
feasible for the evaluation ischemic stroke. The ODI value showed a
significant difference between hyperacute, acute, and subacute periods
and had a fair to good positive correlation with the duration since
stroke onset. Compared with DTI and DKI metrics, NODDI exhibited
increased sensitivity in describing brain tissue microstructural changes
and in investigating ischemic stroke.
NODDI is a three-compartment diffusion model with multishell and

high angular resolution, which can divide the water diffusion processes
in brain tissues into three diffusion pools: intracellular, extracellular,
and compartments with Gaussian isotropic diffusion such as CSF [10].
The NODDI metrics include Vic, which describes the density of the
axons and dendrites; ODI, which describes the degree of the bending
and fanning of axons and dendrites that are widespread throughout the
white matter (WM) and GM; and Viso, which describes the CSF volume
fraction [10]. This model has shown potential in assessing ischemic
stroke within only two patients [11]. For the Vic, ODI, and Viso maps,
the contrast of normal GM/WM/CSF was consistent with the contrast
depicted in Zhang's study [10]. Compared with the contralateral tissues,
the significantly increased Vic and ODI values and reduced Viso values in
ischemic lesions were found. Similar results were also previously ob-
served in a preliminary study of WM microstructure in stroke patients

using NODDI [11]. Vic represents intracellular volume fraction and
could reflect neurite density in the NODDI model. In the early period of
ischemic stroke, the disruption of cellular energy metabolism results in
a net shift of water from the extracellular to the intracellular space. This
phenomenon causes an increase in the intracellular water volume
fraction as well as an alteration in the relative volume of these com-
partments. The later period of ischemic stroke is characterized by
varying degrees of demyelination, cytoskeletal collapse, necrocytosis,
gliosis, and cavitation with local diffusion dead zones. These micro-
environment transformations result in reduced intracellular diffusivity
and reduced neurite density [20–23]. However, in our study, Vic sur-
prisingly increased during the hyperacute/acute/subacute period of
ischemic stroke, which conflicted with the pathological process of is-
chemic stroke. This suggested that when NODDI is applied to ischemic
stroke, Vic can no longer be interpreted as “neurite density.” Rather, the
increased Vic may be explained by the alteration in the relative volume
of these compartments and/or the presence of restrictive structures
with restrictions in all directions during stroke, which was consistent
with the similarly elevated ODI as well as other, as of yet unidentified
microstructural changes [24,25]. This warned us that we should be very
cautious when interpreting Vic in ischemic stroke, as NODDI relied on
strong model assumptions to infer specific microstructural properties,
and these model parameters were prefixed based on values in healthy
brain tissues rather than pathological tissues [26]. ODI is a parameter
measuring how nonparallel axons are dispersed about a central or-
ientation. It assumes a cylindrically symmetric Watson distribution,
which could reflect the complexity of dendrites in GM and axons in WM
[10]. An increased ODI in lesions in this study may reflect the real
pathological changes during ischemic stroke. Because axons and den-
drites swell and bead, the loss of myelin sheath and the breaking of WM
fibers led to the increased complexity of neurite orientation dispersion
[2,20,23]. Viso represents the diffusion fraction with the isotropic
Gaussian property, which was very small compared with Vic and ODI
values in normal brain tissues and was found to be reduced in the lesion
regions. The net shift of water from the extracellular compartment after
ischemia might have led to the decrease in the fraction of water with
isotropic Gaussian distribution in the extracellular space, resulting in a
decrease in the Viso [17,20].
Specifically, we found that the ODI value can distinguish hyper-

acute, acute, and subacute periods, and they showed a fair to good
positive correlation with the duration since stroke onset. This may

Table 2
Comparison of NODDI metrics among the hyperacute, acute, and subacute
periods.

Hyperacute Acute Subacute P-value

Vic 0.855 ± 0.073 0.869 ± 0.062 0.870 ± 0.062 0.860
ODI 0.426 ± 0.076 0.544 ± 0.099 0.590 ± 0.080 <0.001
Viso 0.028 ± 0.011 0.027 ± 0.019 0.032 ± 0.017 0.620

P < 0.05 was considered statistically significant.

Fig. 3. Bar graphs of NODDI (a)/rNODDI (b) metrics in different periods of ischemic stroke and the percentage changes of different diffusion metrics (c). ODI/rODI
value significantly increased from hyperacute to subacute, while no significant between-group differences were observed in Vic/rVic and Viso/rViso. Percentage
changes of Vic, ODI, and Viso values were significant larger than MD, and percentage change of the ODI value is significant larger than MK.

Table 3
Comparison of rNODDI metrics among the hyperacute, acute, and subacute
periods.

Hyperacute Acute Subacute P-value

rVic 1.557 ± 0.148 1.636 ± 0.184 1.614 ± 0.196 0.658
rODI 1.398 ± 0.214 1.885 ± 0.363 2.190 ± 0.349 <0.001
rViso 0.350 ± 0.134 0.339 ± 0.155 0.342 ± 0.160 0.987

P < 0.05 was considered statistically significant.
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indicate that the ODI value could have great potential for interpreting
the underlying pathogenesis during the development process of stroke
and may detect hyperacute or acute infarcted lesions, which is of great
importance in the treatment of infarction [27]. In addition, the reduc-
tion in FA may be caused by the reduction in neurite density and/or the
increase in the neurite orientation dispersion [10]. Our results showed
increased Vic and ODI; hence, the neurite orientation distribution rather
than neurite density could be the key contributing factor to FA, which is
in good agreement with a previous study [28].
Compared with DTI and DKI, the sensitivity of NODDI improved

when investigating lesions in ischemic stroke patients. All NODDI me-
trics (Vic, ODI, and Viso) had significantly larger absolute percentage
change compared with FA and MD in 71 patients, and ODI showed a
significantly larger percentage change than that of MK. DKI metrics
showed higher sensitivity as compared with DTI, which was also pre-
viously demonstrated by Hui using this comparison method [2].
As a novel dMRI technique, NODDI shows great potential in clinical

studies. However, its inherent limitations must be acknowledged. On
the one hand, NODDI relies on strong model assumptions to speculate
microstructural changes, nevertheless, the assumptions of the NODDI
and the interpretation of the NODDI parameters in the clinical study
with different neurological disorders have been called into question
[25,26,29]. Lampinen [26] demonstrated that the tortuosity assump-
tion of NODDI enforcement of a connection between the neurite den-
sity/Vic and the MD of tissue is invalid in healthy brain and glioma and
that the NODDI parameter of Vic should not be interpreted as being
specific to neurite density. Another study regarding glioma published
by Wen [25] had the similar consequence. In contrast, the studies of
Grussu [30] and Sepehrband [31] showed that neurite density esti-
mated by NODDI was in good agreement with the neurite density
measured histologically in human spinal cord with multiple sclerosis
and healthy mouse brain. Thus, the NODDI quantitative values of the
estimated volume fractions should be carefully considered and inter-
preted in view of difference of brain regions and disease-specific un-
derlying histopathological changes [32]. On the other hand, NODDI
was originally developed to model normal brain tissues; however, the
underlying tissue of pathology can vary in more ways, resulting in the

introduction by pathological tissues of effects that are not accounted for
in the model and that might not conform to the constraints of the
particular model. Therefore, it may lead interpretations of the model
parameters in pathology with high risk [26,33,34]. In addition, as a
relatively simple compartmental model, NODDI fixes the values of
several model parameters from earlier models and reduces the number
of fitted parameters, which may lead to bias in the process of fitting
[35]. Attention to these limitations when using the NODDI model could
avoid the pitfalls of overinterpreting the resulting model parameters in
pathology.
Except for the above drawbacks of NODDI, additional limitations of

the study are the small sample size of the hyperacute period and the
lack of longitudinal observation in the same patients. More patients
may be enrolled, and a longitudinal observation of the same patients
will be performed in a following study. Another limitation is that our
protocol included only 25 noncollinear directions and a large slice
thickness (4mm); more directions and isotropic voxel size with a
thinner slice may offer more detailed and precise information as well as
avoid partial volume effects, which would be further validated in fur-
ther study.

5. Conclusion

This preliminary study has demonstrated that NODDI is a potential
technique for quantitatively evaluating microstructural changes in is-
chemic stroke patients. NODDI has a clinically feasible acquisition
protocol and analysis pipeline and showed higher sensitivity when
compared with DTI and DKI. The ODI parameter value was significantly
different among the different periods of ischemic stroke and had a fair
to good positive correlation with the duration since stroke onset, which
could be regarded as a marker to estimate the evolution process and
pathomechanism during ischemic stroke.
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Fig. 4. Correlation between NODDI (top row)/rNODDI (bottom row) metrics and the duration since stroke onset. The values of ODI and rODI had a fair to good
positive correlation with the duration since stroke onset, whereas there was no significant correlation between Vic/rVic and Viso/rViso values and the time since stroke
onset.
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