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A B S T R A C T   

Objective: To assess whether white matter (WM) diffusion tensor imaging (DTI) and neurite orientation dispersion 
and density imaging (NODDI) derived measures correlate with tuberous sclerosis complex (TSC) disease severity. 
Cohort and methods: A multi-shell diffusion protocol was added to the clinical MRI brain scans of thirteen patients 
including 6 males and 7 females with a mean ± std age of 17.2 ± 5.8 years. Fractional anisotropy (FA) and mean 
diffusivity (MD) were generated from DTI and neurite density index (NDI), orientation dispersion index (ODI) 
and free water index (fiso) were generated from NODDI. A clinical score was determined for each patient ac-
cording to the existence of epilepsy, developmental delay, autism or psychiatric disorders. Whole-brain 
segmented WM was averaged for each parametric map and 3 group k-means clustering was performed on the 
NDI and FA maps. MRI quantitative parameters were correlated with the clinical scores. 
Results: Segmented whole brain WM averages of MD and NDI values showed significant negative (p = 0.0058) 
and positive (p = 0.0092) correlations with the clinical scores, respectively. Additionally, the contribution of the 
low and high NDI-based clusters to the whole brain WM significantly correlated with the clinical scores (p = 0.03 
and p = 0.00047, respectively). No correlation was found when the clusters were based on the FA maps. 
Conclusion: Advanced diffusion MRI of TSC patients revealed widespread WM alterations. Neurite density showed 
significant correlations with disease severity and is therefore suggested to reflect an underlying biological process 
in TSC WM. The quantification of WM alterations by advanced diffusion MRI may be an additional biomarker for 
TSC and may be advantageous as a complementary MR protocol for the evaluation of TSC patients.   

1. Introduction 

Tuberous sclerosis is a rare autosomal dominant disorder with an 
incidence of one in 6,000–10,000. Mutations in TSC1 or TSC2 lead to the 
development of numerous benign or malignant neoplasms, in multiple 
organ systems. Neurological manifestations are present in >95% of TSC 
patients and are usually the cause for morbidity and mortality (Orlova 
and Crino, 2010). Therefore, neuroimaging for early diagnosis, regular 
surveillance and follow-up is crucial. Brain microstructural alterations 
include cortical tubers, white matter (WM) lesions, subependymal 
nodules (SENs) and subependymal giant cell astrocytoma (SEGAs) 
(Orlova and Crino, 2010). These are preferably diagnosed and followed- 
up by MRI, which is considered the common imaging method for an 
accurate characterization of the CNS involvement in TSC. 

The clinical manifestations are unpredictable and highly diverse 

with varying severity. These may include epilepsy, neurocognitive 
dysfunction, psychiatric disorders and developmental disorders such as 
autism and intellectual disability (Mühlebner et al., 2020; Orlova and 
Crino, 2010). 

The correlation between neuroimaging findings and neurological 
manifestations in TSC is not fully understood. Cortical tubers are 
considered indicative of TSC and have been investigated for a correla-
tion with neurological deficits, however, results were found to be vari-
able and indefinite (Chifari, 2020; Kaczorowska et al., 2011; 
O’Callaghan et al., 2004; Simao et al., 2010). More recently, studies 
were shifted towards the investigation of WM abnormalities in TSC and 
their contribution to neurological symptoms, based on the hypothesis 
that WM alterations and abnormal circuitry can affect intellectual 
impairment and autism. The WM may be affected by a combination of 
several microstructural alterations including demyelination, axon loss, 
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gliosis and inflammation (Soo et al., 2015). Studies in TSC1 or TSC2 
mutated mice have shown that the axon specification, guidance and 
myelination are abnormal (Choi et al., 2008; Meikle et al., 2007; Nie 
et al., 2010). In human patients with TSC, normal-appearing WM has 
been studied mainly with diffusion tensor MRI (DT-MRI), in which WM 
abnormalities were detected (Dogan et al., 2016; Im et al., 2016; Kurtcan 
et al., 2018; Peters et al., 2013; Prohl et al., 2019). However, a change in 
the DTI-derived measures such as fractional anisotropy (FA) can be 
indicated by several underlying pathologies such as changes in axonal 
diameter, fiber density, myelination etc. Therefore, DTI is considered a 
non-specific measure of microstructural characterization, providing 
parameters that cannot be attributed to specific biophysical factors. 
Advanced diffusion techniques are constantly being developed with the 
aim of improving the specificity and providing more accurate charac-
terization of brain tissue. 

Neurite orientation dispersion and density imaging (NODDI) is a 
clinically feasible advanced diffusion MRI technique developed by 
Zhang et al. (2012). The model is based on biophysical properties of the 
tissue, consisting of three individual compartments; intra-cellular, extra- 
cellular and cerebrospinal fluid (CSF). The MR signal from each of the 
compartments is separate and the full MR signal in each voxel is a 
combination of all three compartments. The intra-cellular compartment 
refers to the neurites and is modeled as a set of ’sticks’ that are 
considered to be highly restricted and may be coherent, fanned or 
sprawled, such that the orientation dispersion of the neurites may range 
from being highly parallel to highly dispersed. The model for this 
compartment is based on restricted anisotropic non-Gaussian diffusion. 
The extra-cellular compartment refers mainly to the glial cells and its 
water diffusion is considered to be hindered. It is modeled with Gaussian 
anisotropic diffusion. The CSF compartment is modeled as isotropic 
Gaussian diffusion (Zhang et al., 2012). The main measures provided by 
NODDI are neurite density index (NDI), neurite orientation dispersion 
index (ODI) and free water compartment (fiso). Whole brain parametric 
maps of these measures were shown to be consistent with the known 
brain anatomy. NDI values are higher in WM than in gray matter (GM), 
especially in dense and packed WM tracts. ODI is higher in GM than in 
WM, where neurites are less coherent or relatively fanned. The corpus 
callosum, for example, exhibits high NDI and low ODI values. Fiso 
values are highest in CSF regions like the ventricles (Zhang et al., 2012). 
The separation of the three compartments in the NODDI model allows to 
disentangle factors that contribute to DTI-derived FA. For example, a 
reduction in neurite density and an increase in orientation dispersion 
both result in a reduction of FA. Therefore, NODDI-derived measures are 
considered to be more specific and accurate than the DT-MRI derived 
measures for the evaluation of microstructural changes. WM abnor-
malities are known to occur in TSC, however, no obvious biological 
interpretation can be given based on conventional MRI or DTI. The use 
of NODDI may provide a more specific characterization of the tissue 
microstructural changes in TSC with biophysical meaningful parame-
ters. A recent study of NODDI in TSC patients indicated that NDI is 
decreased in widespread regions in the brain but no correlation of any of 
the NODDI or DTI derived metrics with clinical symptoms was found 
(Taoka et al., 2020). The current study aimed to further explore WM 
microstructural alterations in TSC and attempted to attribute those 
changes to a specific biological process. Further, the correlation of 
advanced diffusion MRI derived-measureswith disease severity was 
observed. 

2. Methods 

2.1. Study population 

The study group included 13 TSC diagnosed patients which are 
regularly followed up in the TSC clinic in the Sheba Medical Center. TSC 
diagnosis was based on genetic analysis in 12/13 patients. In one pa-
tient, TSC diagnosis was based on clinical and radiological findings. An 

advanced diffusion MRI scan was added to the clinical MR scan. Patients 
who were too young or incapable were sedated. The hospital ethical 
review board approved the study and informed consent forms were 
signed by the patients/guardians prior to the MRI scans. 

2.2. MRI acquisition 

MRI data were collected using a 3T Siemens PRISMA (Siemens 
Healthcare, Erlangen, Germany) with a 20 channel head coil at the 
Department of Diagnostic Imaging in Sheba. The scan includeda full 
clinical protocol and a multi-shell diffusion sequence. The conventional 
scans included T1-weighted magnetization-prepared rapid gradient- 
echo (MPRAGE) with TR/TE = 2100/2.45 ms, FOV = 25.6x25.6 cm, 
voxel size = 1x1x1 mm; T2-weighted turbo spin-echo with TR/TE =
3750/100 ms, FOV = 24x24 cm, voxel size = 0.5x0.5x4 mm; 3D fluid- 
attenuated inversion recovery (FLAIR) with TR/TE = 5000/315 ms, 
FOV = 25.6x25.6 mm, voxel size = 0.5x0.5x1 mm. The multi-shell 
diffusion protocol was performed with TR/TE = 4000/66 ms, 4 b0 im-
ages, 64 directions with each of the b-values; 1000 s/mm2 and 2000 s/ 
mm2, FOV = 172 × 224 mm, voxel size = 2 × 2 × 2 mm and multi-band, 
provided by the Center for Magnetic Resonance Research (CMRR, 
Minneapolis, Minnesota, USA) allowing for a clinically feasible scan 
time of 9.5 min. 

2.3. Image analysis 

The diffusion multi-shell data was used for NODDI analysis (https 
://www.nitrc.org/projects/noddi_toolbox) and the b = 1000 shell data 
was extracted and used for DTI analysis (ExploreDTI, (Leemans et al., 
2009)). NDI, ODI and fiso maps were created from NODDI and FA and 
MD maps were created from DTI. All maps were co-registered with T1 
MPRAGE images segmented to WM, gray matter (GM) and CSF (SPM12, 
(Friston et al., 1995)). The WM segmented images were binarized 
(above a threshold of 0.5) and applied to all diffusion derived maps. 
Additionally, a 3-group k-means cluster analysis (Mathworks R2021b) 
was performed separately on the WM NDI maps and on the WM FA 
maps. The number of voxels that constitute each cluster were divided by 
the total number of WM voxels in order to derive the contribution of 
each cluster to the total brain WM. These were correlated with the 
clinical score. 

2.4. Clinical score 

A clinical score was calculated per patient based on neuropsychol-
ogist validated assessments and neurologic and psychiatric evaluations. 
The main factors that were considered for the evaluation were child- 
related (age, gender, school placement, psychiatric diagnosis) and 
epilepsy-related (illness duration, number of antiseizure medications 
(ASMs), epilepsy type). Cognitive function was evaluated according to 
indices of visuomotor, executive functions, attention and memory, 
which were determined by validated neuropsychological tests. Teach-
er’s and parent’s report were also considered (Silberg et al., 2020). 

Four characteristic phenotypes in TSC were collected from every 
patient, each donating 1 point to the score if exists or none if does not 
exist; epilepsy seizures, developmental delay or mental retardation, 
autism and psychiatric disorders. Patients with no clinical manifesta-
tions were given a score of 0 while the highest score was 4. 

2.5. Statistical analysis 

Average whole-brain WM values from each of the parametric maps 
(FA, MD, NDI, ODI and fiso) were correlated with the clinical score. The 
contributions of each of the NDI- or FA-derived clusters were correlated 
with the clinical score as well. In all cases Spearman correlations were 
used, with a correction for age (Mathworks R2021b). p < 0.05 was 
considered statistically significant. 
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3. Results 

3.1. Demographics 

Table 1 shows the characteristics of the study cohort. Mean age was 
17.23 years (SD = 5.85) and 53.8% were female. 83.3% had TSC2 
mutation and 16.6% had TSC1 mutation. One subject had none of the 
clinical symptoms considered for this study, therefore was given a score 
of 0 (subject #8, Table 1). The rest of the patients suffered from epilepsy 
(92.3%), all with duration of >5 years. Of them 83.3% had both focal 
and generalized epilepsy, took more than3 antiseizure medications 
(ASMs) and attended special education, while 16.6% had only focal 
epilepsy, took two ASMs and attended mainstream schools. Most pa-
tients also suffered from developmental delay or mental retardation 
(84.6%). Autism and psychiatric disorders were detected in approxi-
mately half of the patients (53.8% and 61.5%, respectively). 

3.2. Conventional MRI findings 

The number of tubers in each hemisphere and in the cerebellum, the 
existence of SENs and SEGAs and the presence of atrophy were analyzed 
from the 3D FLAIR images. >5 tubers were found in each hemisphere of 
most patients and the cerebellum was free of tubers in 10 out of 13 
patients. SENs were present in all patients except for one and SEGAs 
were found in more than half of the patients. Atrophy was detected only 
in 2 patients. See Table 1 in Supplementary Material. 

3.3. Whole-brain white matter correlations with disease score 

Representative NODDI- and DTI-derived maps of patients #7 (clin-
ical score 3) and #8 (clinical score 0) are depicted in Fig. 1. Whole-brain 
WM average values of each parametric measure were correlated with the 
clinical scores, adjusted for age (Fig. 2). NDI showed a significant 
decrease with the clinical score and MD showed a significant increase 
with the clinical score (r = -0.71, p = 0.0092 and r = 0.74, p = 0.0058, 
respectively). The difference in NDI values between mild and severely 
affected cases is clearly shown in Fig. 1. FA, ODI and fiso did not show 
significant correlations with the clinical score (r = -0.34, p = 0.28; r =
-0.12, p = 0.71; r = 0.25, p = 0.43, respectively). 

3.4. The contribution of neurite density based clusters to whole brain 
white matter 

Representative WM segmented images of NDI and FA maps and their 
clustered maps are shown in Fig. 3. The clustering according to NDI and 
FA provides a similar partition of the three groups, however not iden-
tical (Fig. 3, A1 vs B1). High values of NDI and FA are found mostly in 

the periventricular WM areas while low values of NDI and FA are found 
in the borders between WM and GM and in WM lesions (white arrows). 

The contribution of each cluster to the whole-brain WM and its 
correlation with the clinical score was calculated (Fig. 4A, B). The 
contribution of low and high value clusters derived from the NDI maps 
were significantly correlated with the clinical score (Fig. 4A). The per-
centage of voxels associated with the low values (blue) increased with 
the clinical score and the percentage of the voxels associated with the 
high values (gray) decreased. An identical analysis, based on the FA 
maps, did not reveal any significant correlations with the clinical score 
(Fig. 4B). The cluster contributions were also averaged per clinical score 
and presented as stack plots (Fig. 4C, D). Here, when the cluster analysis 
was based on the NDI maps (Fig. 4C) the low values increase from 11.1% 
(clinical score ‘0′) to 17.5% (clinical score ‘4′) and the high values 
decrease from 35.1% (clinical score, ‘0′) to 22.1% (clinical score, ‘4′). 
The mid values do not show a changing trend throughout the clinical 
scores. None of the average clusters show a clear trend when the cluster 
analysis is based on the FA maps (Fig. 4D). 

4. Discussion 

There are several findings in this study. First, whole-brain WM al-
terations are well characterized by diffusion-MRI metrics and correlate 
with disease severity. This is significantly shown with NODDI-derived 
’NDI’ and with DTI-derived ’MD’. A more profound observation of the 
WM by k-means clustering of the NDI maps revealed that the contri-
bution of the low NDI cluster significantly increases with the disease 
severity while the contribution of the high NDI cluster significantly 
decreases. Thus, NDI is suggested to be an accurate diffusion-based MRI 
metric for the detection and characterization of TSC WM alterations. 
Clustering of the FA maps and their correlation with disease severity did 
not show significance. However, DTI has been shown to reveal WM al-
terations in TSC in several studies. Usually, FA was found to be 
decreased, whereas MD or ADC were increased in the abnormal WM 
(Garaci et al., 2004; Makki et al., 2007; Simao et al., 2010). Some studies 
searched for correlations of WM alterations with neurological outcomes 
such as autism (Peters et al., 2011) and epilepsy (Kurtcan et al., 2018), in 
which DTI measures were found to change significantly and even under- 
connectivity across multiple WM tracts was found (Prohl et al., 2019). 
Recently, advanced analysis was performed on the DTI-derived metrics 
with the aim of observing the whole-brain connectivity in TSC, which 
was found to be disrupted (Im et al., 2016; Peters et al., 2013; Tsai et al., 
2021). However, DTI measures are regarded as non-specific, therefore 
difficult to interpret. FA may be modulated by several manifestations 
including demyelination/dysmyelination (Beaulieu, 2002) and axonal 
damage (Budde and Annese, 2013) such that two major key factors are 
entangled; ’neurite density’ and ’neurite orientation dispersion’. To this 

Table 1 
Clinical characteristics of the TSC patients.  

Patient Sex Age 
[years] 

Genetics Clinical 
score 

Epilepsy 
duration 
[years] 

Number 
of ASMs 

Epilepsy 
type 

School 
education 

Developmental 
delay/mental 
retardation 

Autism Psychiatric 
disorders 

1 F 11 TSC2 4 >5 >3 Focal and generalized Special † † †

2 F 11 TSC1 1 >5 2 Focal Mainstream – – – 
3 F 12 TSC2 2 >5 >3 Focal and generalized Special † – – 
4 M 12 TSC2 4 >5 >3 Focal and generalized Special † † †

5 M 14 TSC2 3 >5 >3 Focal and generalized Special † † – 
6 F 15 TSC1 2 >5 >3 Focal and generalized Special † – – 
7 F 16 TSC2 3 >5 >3 Focal and generalized Special † – †

8 F 16 TSC2 0 – – – Mainstream – – – 
9 M 19 TSC2 4 >5 >3 Focal and generalized Special † † †

10 M 19 TSC2 4 >5 >3 Focal and generalized Special † † †

11 F 25 – 4 >5 >3 Focal and generalized Special † † †

12 M 26 TSC2 2 >5 2 Focal Mainstream – – †

13 M 28 TSC2 3 >5 >3 Focal and generalized Special † † †

M – male, F - female. 
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end, advanced diffusion MR models, which provide specific measures, 
may be important for an improved understanding of the microstructural 
alterations in TSC WM and their underlying biological process. One such 
study was conducted recently showing that NDI reveals more wide-
spread WM abnormalities as compared to DTI measures but no corre-
lations with clinical symptoms were found (Taoka et al., 2020). 

Herein, we aimed to quantitatively characterize the WM micro-
structural changes in TSC using NODDI and observe whether its mea-
sures are significantly correlated with a clinical score. WM was 
evaluated objectively by automatic whole-brain segmentation and 

cluster analysis considering the microstructural alterations’ widespread 
nature and location variability. The patients’ whole-brain WM was 
inspected by averaging the WM segmented maps generated from both 
DTI and NODDI and correlating the values with the disease score. Re-
sults showed that even when taking a whole-brain WM average, a sig-
nificant correlation exists between two diffusion measures and the 
disease score. This is in line with the diffuse nature of the WM micro-
structural alterations in TSC, as shown in several studies (Im et al., 2016; 
Prohl et al., 2019; Wong et al., 2013). Localized microstructural alter-
ations in specific WM could have been averaged out and missed in a 
whole-brain averaging approach and would not necessarily show sig-
nificance. MD and NDI were significantly correlated with the clinical 
score, while the other metrics were not, including FA. Whole-brain WM 
averaged MD significantly increased with the clinical score, as expected 
and in line with previous studies that showed larger MD values in TSC 
compared with control patients (Baumer et al., 2018; Makki et al., 
2007), while the averaged NDI significantly decreased with the clinical 
score. These NDI changes suggest that neurite density may be the 
dominant underlying biological derangement in the WM of TSC patients 
rather than neurite orientation dispersion which did not show signifi-
cance. Interestingly, Zhang et al. (2012) showed that FA is influenced 
more strongly by neurite orientation dispersion than neurite density. 
The fact that FA did not change significantly with disease severity could 
be related to the fact that neurite orientation dispersion did not change 
significantly either. In order to further observe the WM microstructural 
changes in more specific regions, yet independent of a pre-determined 
tract selection, a 3-group k-means cluster analysis was performed 
based on the NDI and the FA maps. We hypothesized that the 

Fig. 1. DTI-derived maps of FA and MD and NODDI-derived maps of NDI, ODI and fiso along with their segmented WM from patients #7 and #8 (Table 1). FA seems 
thin and sparse, with somewhat lower values in patient #7 than patient #8. MD values are lower in patient #8 than in patient #7. The NODDI-derived maps clearly 
show a reduction in WM NDI in patient #7, while ODI also seems mildly reduced. Fiso values do not show a clear difference between the two patients, although the 
number of voxels showing a free water fraction is reduced in patient #7 compared with patient #8. 

Fig. 2. Partial correlations between whole brain WM NODDI- and DTI-derived 
metrics and clinical score. NDI and MD showed significant correlations. 
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proportions between the number of voxels contained in each cluster 
would differ depending on the clinical score, i.e., patients with a more 
severe disease would show more NDI voxels of low value than patients 
with a mild disease. Indeed, the WM of patients with a more severe 
disease (clinical scores 3 or 4) contained more voxels associated with the 
low NDI values cluster and fewer voxels associated with the high NDI 
values cluster than the mild patients (Fig. 4). The percentage of voxels in 
the low and high value NDI-based clusters was significantly correlated 
with the clinical score. The FA-based clusters did not show the expected 
trends with no significant correlations with the clinical score. 

The present study had several limitations. First, the study group 
included a relatively small number of patients. As a consequence, the 
MRI indices were correlated with a general clinical score rather than 
specific clinical features. Additionally, MRI indices were averaged 
throughout the whole brain WM or clustered into three areas, while 
specific locations of WM microstructural changes were not observed. 
Also, the small group did not allow a comparison between TSC1 and 
TSC2 patients, in terms of the affected regions or clinical manifestations. 
Quantitative MR-derived indices like total brain volume and tuber vol-
ume were shown to be different between patients with TSC1 and TSC2 
mutations in previous studies (Ogórek et al., 2020; Robinson et al., 
2022), therefore, it would be interesting to observe these groups with 
advanced diffusion-derived indices. Another limitation is the wide age 
range of the study group. This was considered in the statistical analysis, 
however, a larger group of patients in a narrow age range would be 
favorable. Note that a group of healthy controls was not scanned in the 

current study because the aims were to correlate the MRI findings with 
disease severity. Finally, the user dependent specification of the number 
of clusters is a limitation of k-means clustering. Three clusters were 
chosen according to the severely affected patients, in which a very low 
NDI value cluster was assumed to exist in addition to two higher value 
clusters. 

The results of this study suggest that NODDI-derived indices may 
have a potential in accurately characterizing brain abnormalities in TSC, 
significantly correlated with disease severity. Subsequent studies, 
including larger groups of patients should be performed in order to 
further explore our findings including correlations with specific clinical 
characteristics like cognitive development and psychiatric symptoms, 
observation of abnormality locations, comparison of MRI findings be-
tween TSC1 and TSC2 mutated patients and NODDI’s potential in MRI 
follow-up of patients. Importantly, in contrast to other epileptic en-
cephalopathies, in TSC, mammalian target of rapamycin (mTOR) in-
hibitors can be used to interfere with the biologic mechanism and 
influence the epilepsy severity and cognitive development, therefore 
prognostic MRI indices may be advantageous. 

In conclusion, our study showed that whole-brain WM alterations are 
correlated with disease severity, therefore a WM quantitative assess-
ment may be important for the evaluation of TSC patients, in addition to 
the conventional neuroradiological assessment. Additionally, neurite 
density was found to accurately characterize white matter alterations in 
TSC, suggesting that it is a dominant underlying biological process in 
this disease. 

Fig. 3. WM NDI and FA representative maps of patient 12 (A & B, respectively) along with their clustered maps (A1 & B1, respectively).  
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