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A B S T R A C T

Purpose: NODDI (Neurite Orientation Dispersion and Density Imaging) and DTI (Diffusion tensor imaging) may
be useful in identifying abnormal regions in patients with MRI-negative refractory epilepsy. The aim of this study
was to determine whether NODDI and DTI maps including neurite density (ND), orientation dispersion index
(ODI), mean diffusivity (MD) and fractional anisotropy (FA) can detect structural abnormalities in cortical and
subcortical gray matter (GM) in these patients. The correlation between these parameters and clinical char-
acteristics of the disease was also investigated.
Methods: NODDI and DTI maps of 17 patients were obtained and checked visually. Region of interest (ROI) was
drawn on suspected areas and contralateral regions in cortex. Contrast-to-noise ratio (CNR) was determined for
each region. Furthermore volumetric data and mean values of ND, ODI, FA and MD of subcortical GM structures
were calculated in both of the patients and controls. Finally, the correlations of these parameters in the sub-
cortical with age of onset and duration of epilepsy were investigated.
Results: Cortical abnormalities on ODI images were observed in eight patients qualitatively. CNR of ODI was
significantly greater than FA and MD. The subcortical changes including decrease of FA and ND and increase of
ODI in left nucleus accumbens and increase of the volume in right amygdala were detected in the patients.
Conclusions: The results revealed that NODDI can improve detection of microstructural changes in cortical and
subcortical GM in patients with MRI negative epilepsy.

1. Introduction

About one third of patients with focal epilepsy are intractable to
antiepileptic drug treatments [1–4]. Surgery can be an adequate option
for treatment of these patients [5]. Detection of the epileptogenic focus
is vital to have an appropriate surgical outcomes [6–8]. MRI is a non-
invasive technique for presurgical evaluation of epileptic patients,
however around 20–30% of these patients have not any obvious lesion
on conventional MRI [9]. Approximately, 20–30% of patients with
temporal lobe epilepsy and 20–40% of patients with extra temporal
lobe epilepsy are included in MRI negative epilepsy [10–12]. Patholo-
gical studies have shown that despite heterogeneity of resected surgical
specimens, focal cortical dysplasia is the most frequent cause of MRI
negative refractory epilepsy [13–18]. The absence of a lesion on MRI
leads to failure in surgery of MRI-negative patients [16]. Seizure-free
rate after epilepsy surgery in the patients with MRI-lesional is

approximately twice of the patients with MRI-negative epilepsy [19].
Detection of lesion in patients previously reported as MRI-negative

can modify the planning of presurgical treatment and improve the
surgical outcome [20]. In Bein study, re-evaluation of presurgical MRI
of nine MRI-negative patients undergoing surgery showed that 8 pa-
tients had subtle lesions in the same area of resected tissue. These le-
sions were not seen because of their small sizes [19]. Therefore in MRI
negative patients, it is too difficult to diagnose a lesion and other ad-
vanced imaging techniques are required for detecting lesions.

Diffusion tensor imaging (DTI) is an MRI-based neuroimaging
technique. DTI indices including fractional anisotropy (FA) and mean
diffusivity (MD) are sensitive to tissue microstructure and diffusion
changes in the white matter. DTI has been used in characterizing the
epileptogenic zone in patients with MRI negative epilepsy [21–23]. A
new microstructure imaging method called Neurite Orientation Dis-
persion and Density Imaging (NODDI) was introduced by Zhang and
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colleagues in 2012 [24]. Unlike the DTI, which assumes each voxel
contains a single tissue compartment, the intrinsic assumption in
NODDI is that each voxel consists of three compartments including
intra-neurite, extra-neurite and cerebrospinal fluid (CSF) [24]. NODDI
is used to estimate the microstructure of dendrites and axons in both of
the gray and white matter [24]. NODDI indices including neurite
density (ND) and orientation dispersion index (ODI) estimate the vo-
lume fraction of intracellular and the degree of fiber coherence, re-
spectively [24,25]. As of yet no study has been worked on the use of
NODDI parameters in MRI negative refractory epilepsy. The previous
studies have shown the important role of subcortical structures in
generation and progression of seizure through cortical subcortical cir-
cuits [26,27]. Also a correlation between subcortical gray matter (GM)
and age at seizure onset or duration of seizure was also found [28–32].

In this study, ND, ODI, FA and MD images of the patients with MRI-
negative refractory epilepsy were first examined visually and then the
region of interest (ROI) analysis was performed on cortical regions
suspected to be abnormal in the images. Furthermore, because of the
importance of cortical-subcortical network interaction in seizure gen-
eration, volumes, NODDI and DTI parameters of seven subcortical GM
areas (hippocampus, amygdala, thalamus, nucleus accumbens, pu-
tamen, caudate and pallidus) of the patients with MRI-negative re-
fractory epilepsy were investigated and compared with the healthy
controls. Moreover, the correlations between the volumes, NODDI and
DTI parameters of the seven subcortical GM structures and the age at
seizure onset and duration of seizure for all the patients with refractory
epilepsy were obtained. The main aim of this study was to investigate
how ODI, ND, FA and MD will change in cortical and subcortical GMs
and whether these changes are correlated with the age at seizure onset
and duration of seizure in patients with MRI-negative refractory epi-
lepsy.

2. Methods

2.1. Subjects

At first, 17 patients with MRI-negative refractory epilepsy were
selected based on ILAE definition that specified as failure of adequate
trials of two tolerated and appropriately chosen anti-epileptic drugs
[33]. The participants consisting of four females and 13 males (mean
age of 25 years and in the age range of 15 to 45) were scanned with
high-resolution MRI scanner. All the patients were intractable to anti-
epileptic drug treatments and had MRI-negative scans. The patients
were termed “MRI-negative” if two blind radiologists did not recognize
any lesion in their routine MRI epilepsy protocols including T1-
weighted volumetric acquisition (3D), T1 FLAIR, T2-weighted imaging,
T2 FLAIR. The clinical data of the patients have been reported in the
Table 1. 19 normal subjects, with no history of neurological and psy-
chiatric disorders were selected as a control group. The mean age of the
control group was 29 years (8 females and 11 males in the range of
20–36 years). An approved consent by the Ethical Committee of Tehran
University of Medical Sciences was received from each participant.

2.2. MRI acquisition

Images were acquired using a 3.0 T Siemens Magnetom Tim Trio
whole body scanner (Siemens AG, Erlangen, Germany), with a 32-
channel head coil in patients and controls. Anatomical images were
acquired with a high-resolution, T1-weighted MPRAGE (TR=1800,
TE= 3.44ms, flip angle= 7°, FOV=256×256mm2, ma-
trix= 256×256mm2, voxel size= 1×1×1mm). The DWI data
were obtained using a single-shot spin echo EPI sequence. Whole-brain
diffusion-weighted images were acquired at two different diffusion-
weighted sensitizing gradients: b= 700 s/mm2 with 30 directions and
b= 2000 s/mm2 with 64 directions. The b=700 s/mm2 data was used
for DTI analysis, while both the b=700 s/mm2 and b=2000 s/mm2

data were used for the NODDI analysis. The repetition time (TR) and
echo time (TE) were 13000ms and 101ms for the images acquired at
both b=700 s/mm2 and b=2000 s/mm2, respectively. Additional
brain volumes were acquired with no diffusion weighting (b= 0 s/
mm2). The EPI readout uses a matrix size of 128× 128, FOV of
256× 256mm2, slice thickness of 2mm and isotropic voxels of
2×2×2mm3. A total of 68 slices were acquired to cover the whole
brain. The total acquisition time for diffusion imaging was approxi-
mately 30min.

2.3. Diffusion image analysis

2.3.1. DTI and NODDI indices calculation
For each subject, all DW scans with b= 700 s/mm2 were corrected

for subject motion and eddy current and EPI distortions with the re-
quired B-matrix adjustments. The tensor model was fitted to the cor-
rected data and subsequently, MD and FA were calculated from the
tensor's eigenvalues [34]. Data pre-processing was performed using
FDT-FSL (FMRIB's Diffusion Toolbox) in multi-shell data. A NODDI
microstructural model was computed and fitted to the data using the
NODDI Matlab toolbox (http://www.nitrc.org/projects/noddi_toolbox)
to generate maps of ND and ODI. In order to limit CSF contamination, a
mask containing a CSF fraction below 90% was applied to the ND and
ODI maps.

2.4. Manual ROI selection for cortical gray matter

First, we independently assessed ND, ODI, FA and MD maps vi-
sually. In region where suspicious lesions were seen on the NODDI
maps, their related structural images were re-evaluated by a neuror-
adiologist. Structural changes were observed in the same areas of the
NODDI alterations. Then, ROIs were drawn on observed abnormalities
in T1 images by the nueroradiologist. The T1 image was registered to
the null image to obtain transformation parameters. The calculated
transformation matrix was used to transform the ROI mask to the dif-
fusion space. ROIs were drawn on the lesions and homologous con-
tralateral regions. The mean values and standard deviations in the ROIs
were obtained. The contrast-to-noise ratio (CNR) [35] was determined

Table 1
Demographical and clinical characteristic of patients.

Patient Age (years) Gender Age at onset
(years)

Duration of
seizure (years)

EEG finding

1 20 M 12 8 normal
2 29 M 5 24 Left Occipital
3 45 M 44 1 normal
4 24 M 11 13 Bilateral

Frontal
5 15 M 1month 15 Right

Temporal
6 15 M 10 5 Left anterior

temporal
7 26 M 3 23 normal
8 25 M 12 13 Left Fronto-

Temporal
9 37 M 20 17 Left Fronto-

Temporal
10 21 M 19 2 normal
11 40 F 5 35 Bilateral

Frontal
12 26 F 5 21 normal
13 15 M 5 10 Left-Frontal
14 25 F 6 19 normal
15 20 F 13 7 Left Temporal
16 15 M 11 4 Right Frontal
17 25 M 10 15 Left Fronto-

Central

Gender: F, female; M, male.
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for the NODDI and DTI maps.

2.5. Subcortical gray matter region selection

Subcortical segmentation were performed on structural 3D T1-
weighted images using the FreeSurfer toolkit version 5.3 (http://sur-
fer.nmr.mgh.harvard.edu) to obtain volumetric data and mean values
of ND, ODI, FA and MD for seven subcortical GM structures including
hippocampus, amygdala, thalamus, accumbens, putamen, caudate and
pallidus. The individual T1-weighted MPRAGE images were registered
to the null image to obtain transformation parameters. To transform the
segmented subcortical mask to the diffusion space the calculated
transformation matrix was applied. For each subject, the corresponding
volumetric data of the subcortical as well as mean value of ND, ODI, FA
and MD were obtained for each segmented subcortical area.

2.6. Statistical analysis

To compare the volumes and the mean values of ND, ODI, FA and

MD for the right and left sides of the seven segmented subcortical
structures in both of the groups, we first checked the t-test assumption
of equality of variance and normality in each group. Then, the differ-
ence of means in patients and controls were tested by independent two
sample t-test and the 14 tested ROIs for each parameter and their P-
values were reported in Tables S1–S5. The significant difference for
each single test was accepted if the uncorrected P-values was less than
0.05.

If we assume that all of the 14 statistical tests conducted in each
table are known, then it is possible to calculate the probability of ob-
taining at least one significant result by chance alone
(1–0.95^14= 51%). It is also possible to adjust α-levels (0.05/
14= 0.0035) for each test to ensure that the probability of making one
or several false positives remains at about 5% [36]. Although using
such a strict α-threshold is effective in controlling false positive, it in-
evitably will increase the false negative. If we worried about content of
the entire tables to be consistent with the null hypothesis, we can
consider the adjustments of α for these large tables containing nu-
merous statistical tests. However, when the results show more than 1

Fig. 1. Structural, NODDI and DTI maps of eight patients with MRI-negative epilepsy.

M. Rostampour et al. Physica Medica 48 (2018) 47–54

49



significant effect in each table, suggesting that the results are unlikely
to only be false positives. Hence, a threshold of P < 0.05 seems fairly
reasonable.

To show the strength of difference in patient and control groups in
each subcortical, as is well-known, Cohen's d effect sizes were calcu-
lated [37]. A larger absolute value of effect size indicates a stronger
effect. According to Cohen and Sawilowsky suggestions a value of d
greater than 0.8 was considered as a large effect size [37,38]. However,
when comparing two groups, a basic issue is specifying whether the
groups differ in any manner. To address this issue, we visualized Kernel
Density Estimators with Gaussian Kernels of each groups in a plot that is
an alternative approach consistent with the graphical perspective of
difference [39].

The linear regression analysis was also performed to examine the
correlation between the significantly altered volume, DTI and NODDI
parameters of subcortical regions and age of seizure onset or duration of
seizure. The statistical significance level was considered 0.05.

3. Results

3.1. ROI analysis of cerebral cortical gray matter

ND and ODI images of 17 refractory epilepsy patients with struc-
tural MRIs which had been initially interpreted as normal, were as-
sessed visually. Cortical abnormalities as clearly hyperintensity on ODI
images were detected for eight patients, qualitatively. Out of these eight
patients, in five cases, ND and FA changes were detected as hy-
pointensity and MD changes as hyperintensity in the same area of ODI
changes on the cortex. Then ND, ODI, FA and MD images were also
examined quantitatively. ROI analysis showed an increase in ODI in
abnormal regions relative to homologous regions of the contralateral.
The mean of contrast to noise ratio (CNR) of ODI for the eight patients
was approximately 1.2 ± 0.58. The mean CNR for ODI was sig-
nificantly greater than the mean CNR for FA and MD with mean
0.59 ± 0.51 (p=0.038) and mean 0.51 ± 0.18 (p=0.029), respec-
tively. The cortical abnormalities, most likely FCD, were approved in
the same areas of ODI changes by a neuroradiologist. Fig. 1 illustrates
representative maps of T1 volumetric, T2 or T2 FLAIR, ODI, ND, FA and
MD for eight studied patients. NODDI findings, EEG features and sei-
zure semiology of the eight patients and the epilepsy related to their
symptoms were reported in the Table 2.

3.2. Changes of volumes, DTI and NODDI parameters in subcortical gray
matter

The ND values were reduced in the bilateral nucleus accumbens in
the patients compared with the controls (Table S1 in Supplementary).
The ODI values were increased in the left nucleus accumbens and the
right caudate and also reduced in the left amygdala in the patients
compared with the controls (Table S2 in Supplementary). The FA values
were reduced significantly in the bilateral nucleus accumbens and in-
creased in the bilateral amygdala in the patients groups compared with
the controls (Table S3 in Supplementary). The MD values were in-
creased in the left nucleus accumbens, bilateral hippocampus, bilateral
putamen, right thalamus and right pallidum in the patients compared
with the controls (Table S4 in Supplementary). The volume of right
amygdala was increased significantly in patients compared with the
controls (Table S5 in Supplementary).

The Chohen’s D effect size is also reported in Table S1–S5. The
values that are greater than 0.8 are recognizing as ‘Large’ effect size. To
show the strength of difference between patients and control groups,
the kernel density estimation of subcorticals with large effect are also
visualize in Fig. 2. Therefore, the most important subcorticals to com-
pare the patients and control groups are the ND in the left accumbens
and the MD in left putamen, left hippocampus and right pallidum and
the FA in left accumbens, the ND in right accumbens, the MD in right

putamen and right hippocampus, the FA in the right accumbens, the
volume in the right amygdala and the ODI in left accumbens respec-
tively. Fig. 2 illustrates the comparison between the density plots of
each group to visualize how these variables identify the patients from
the controls.

3.3. Correlation with age at seizure onset and duration of seizure

The age at seizure onset positively correlated with the ODI para-
meter changes of the left nucleus accumbens (r= 0.566, p= .022)
(Fig. 3A), the right hippocampus (r= 0.529, p= .035) (Fig. 3B), the
left amygdala (r= 0.553, p= .026) (Fig. 3C) and the left putamen
(r= 0.552, p= .027) (Fig. 3D) also negatively correlated with MD
changes of the bilateral nucleus accumbens (regression for right nucleus
accumbens: r= -0.489, p= .055; regression for left nucleus ac-
cumbens: r= -0.6, p= .014) (Fig. 3E). The duration of seizure sig-
nificantly positively correlated with the mean MD of the right pallidum
(r= 0.502, p= .048) (Fig. 3F).

Table 2
Clinical characteristics of eight patients with suspected regions in NODDI and
structural imaging.

Patient NODDI
finding

EEG finding Semiology (signs &
symptoms)

Relevant
epilepsy

1 Left Frontal normal fearing (facially) Frontal lobe
dizziness Temporal lobe
right hand tonic Frontal lobe
loss of consciousness Temporal lobe

5 Right
Frontal

Right
Temporal

fearing (facially) Frontal lobe

staring Temporal lobe
confusion Frontal and

Temporal lobe
uncontrollable
laughing

Frontal and
Temporal lobe

dejavu Temporal lobe
loss of consciousness Temporal lobe

8 Left
Temporal

Left Fronto-
Temporal

speech arrest SMA and
Temporal lobe

amnesia Temporal lobe
dizziness Temporal lobe
confusion Frontal and

Temporal lobe
loss of consciousness Temporal lobe

11 Right
Frontal

Bilateral
Frontal

lip Smacking Temporal lobe

screaming Frontal lobe
left hand tonic Frontal lobe

12 Left
Temporal

normal fearing (emotionally) Temporal lobe

screaming Frontal lobe
amnesia Temporal lobe
loss of consciousness Temporal lobe

14 Left Frontal normal fearing (facially) Frontal lobe
screaming Frontal lobe
loss of consciousness Temporal lobe

15 Left
Temporal

Left Temporal screaming Frontal lobe

lip Smacking Temporal lobe
loss of consciousness Temporal lobe

17 Left Frontal Left Fronto-
central

sudden atonia Frontal lobe

vocalization SMA
clonic movements Frontal lobe
loss of consciousness Temporal lobe

SMA: supplementary motor area.
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4. Discussion

The absence of detectable lesions on the structural MRI is one of the
causes of failure in surgical treatment of MRI-negative refractory epi-
lepsy [40]. According to the previous studies, subtle FCD is the most
common pathological cause of MRI-negative epilepsy that it is hardly
detectable on routine MR imaging techniques [41]. Furthermore, cor-
tical dysplastic areas not limited to one region of the brain [42].
Common MRI features for FCD include cortical thickening, blurring of
WM-GM interface and abnormal signal intensity of cortical and sub-
cortical gray matter [43–47]. Previous studies have shown that DTI is a
useful method for characterizing abnormalities in patients with MRI
negative epilepsy [41,48]. The NODDI as an advanced method in dif-
fusion imaging can separate the various factors in the microstructure
changes such as neurite density and fiber orientation dispersion. The
NODDI technique is also suitable for both of the WM and GM [24].
Therefore, it is probably more effective in identifying the epileptogenic
zone in MRI-negative epilepsy patients with suspected focal cortical
dysplasia [49].

In this study, the increased signal intensity in eight patients (out of
17 patients) was clearly visible on ODI images which confirmed by the
ROI analysis. By reviewing the routine structural MRI images by a

neuroradiologist, all of these abnormal areas were observed as thick-
ening of cortex. Since, cortical thickening is one of the MRI features of
FCD, these eight patients can be considered as potential FCD. ND and
FA reduction and increase in MD were visually detected in five of these
eight patients. The NODDI and structural findings were consistent with
the epilepsy related to semiology of the patients. Given that an increase
in MD could be due to extracellular space expansion, which can be
caused by malformed neurogenesis or cell loss and reduction of FA can
be due to decreased neuronal density, increased neuronal dispersion,
axonal diameter reduction and demyelination While ND and ODI
changes showed reduction of neuronal density and increase of neuronal
dispersion, respectively. Therefore, according to the adaptation of the
changes in all of these parameters in the five patients, it is suggested
that application of NODDI along with DTI can be useful to determine
the main cause of these changes.

In this study, there was a significant increase in ODI parameter in
comparison with other parameters derived from DTI and NODDI in-
cluding FA, MD and ND. Winston et al., found a reduction in ND for
three patients with FCD and one patient with tuberous sclerosis and
reduced ND and increased ODI for one patient with MRI-negative epi-
lepsy [49]. Probably, subtle structural changes can be better identified
by ODI parameter rather than DTI and conventional MRI.

Fig. 2. Empirical density plots for groups of patients and control with (A): ND in right accumbens, (B): ND in left accumbens, (C): ODI in left accumbens, (D): FA in
right accumbens, (E): FA in left accumbens, (F): MD in left accumbens, (G): MD in right hippocampus, (H): MD in left hippocampus, (I): MD in right putamen, (J): MD
in left putamen, (K): MD in right pallidum and (L): volume in right amygdala. These graphs clearly show the most significant variables for MRI negative epilepsy
patients. Since the variance of volume in right amygdala of control cases is greater than patients, the distribution of volume is significantly different in patient and
control cases.
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The microstructure changes in subcortical gray matter areas can be
affected by the chronic period of epilepsy [29,50]. The DTI method is
more sensitive than conventional MRI to detect these microstructure
changes [29,48]. Microstructure abnormalities of subcortical areas in
patients with MRI negative refractory epilepsy have been reported in
DTI studies [48]. This study showed a significant increase in the MD
parameter in bilateral putamen and right thalamus that was reported in
patients with absence epilepsy [29,51] and bilateral hippocampus, right
globus pallidus and left nucleus accumbens compared with the control
group. Significant FA decreases were found in bilateral nucleus ac-
cumbens in patients versus controls. Reduced FA in bilateral nucleus
accumbens has been reported by Peng and Harnod for MRI negative
cortical epilepsy [48]. Increase of FA was found in bilateral amygdala
and the volume of the right amygdala was also increased significantly
in the patients compared with the controls. This increase in amygdala
volume is consistent with the study of Singh and Kaur in temporal lobe
epilepsy patients with normal MRI [52].

It is founded that age at seizure onset was significantly negatively
correlated with the mean MD of bilateral nucleus accumbens as well as
duration of seizure positively correlated with the mean MD of right
pallidum. According to the results of biological studies, ND and ODI in
the NODDI have a higher sensitivity to the FA and are more specific to
show abnormal areas [53]. Therefore, in this study, NODDI was applied
for subcortical GM microstructural and its correlation with age at sei-
zure onset and progression of the diseases. NODDI analysis revealed

that ODI was reduced in left amygdala and increased in left nucleus
accumbens and right caudate and reduction of ND was also detected in
bilateral nucleus accumbens. The results showed decrease of ODI and
increase of FA in the left amygdala, as ODI correlates with FA inversely
[53]. Although the t-test analysis was significant for some of the
parameters, the comparison of densities showed that distribution of
patients and controls were not different significantly. Comparison of the
density plots in each group showed how these variables separate the
patients from the controls. The results of Cohen's d effect sizes re-
presented that the parameters with d greater than 0.8 are the most
important variables and should be inspected in more details in patients
with MRI-negative refractory epilepsy.

There was a significant positive correlation between age at seizure
onset and the mean ODI of left accumbens, left amygdala, left putamen
and right hippocampus that has not yet been reported. This relationship
supports the hypothesis that ODI alterations of the subcortical gray
matter are related to epilepsy progression such as relationships of FA
and MD with age at seizure onset and duration of epilepsy [54].

5. Conclusions

The results of this study revealed that advances in DTI techniques
will help improve the understanding of subtle structural abnormalities
in cortical, subcortical gray matter changes and progression of epilepsy
in MRI negative refractory patients. However, a post-surgical histology

Fig. 2. (continued)
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study is required to confirm microstructural changes in cortical and
subcortical gray matter.
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